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ABSTRACT 
IMPACTS OF LANDSCAPE POSITION AND NITROGEN FERTILIZER ON 
SOILS, CARBON AND NITROGEN LEACHING, AND GREENHOUSE GAS 
FLUXES FROM SWITCHGRASS PRODUCTION IN SOUTH DAKOTA 
LIMING LAI 
2017 
Switchgrass (Panicum virgatum L.) production for biofuels has potential economic 
values. It can also improve soil properties and perform better under marginal lands than the 
other major biomass crops. However, little is known about its potential ecological impacts 
assessed in terms of soils, water, and air quality in the northern Great Plains region of 
United States of America. The objectives of this study were to (i) evaluate the impacts of 
nitrogen fertilization rate (N rate) and landscape position on soil pH, soil organic carbon 
(SOC), total nitrogen (TN), bulk density (ρb), and phosphorus (P) in switchgrass field; (ii) 
assess the impacts of the N rate and landscape position on dissolved organic carbon 
(DOC) leaching in switchgrass land; (iii) evaluate the effects of the N rate and landscape 
position on N-dynamics that includes soil nitrate (NO3
-), NO3
- leaching, and soil nitrous 
oxide (N2O) fluxes from switchgrass field; (iv) simulate the long-term impacts of future 
temperature and precipitation changes using DAYCENT model on soil carbon dioxide 
(CO2) fluxes from switchgrass land; and (v) predict the long-term impacts of switchgrass 
production on the SOC, NO3
-, water-filled pore space (WFPS), CO2 and N2O fluxes for 
switchgrass fields under changing climatic scenarios using the DAYCENT models. The 
experiment was a split-plot design with 4 replications, 3 N rates (low, 0 kg N ha-1; 
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medium, 56 kg N ha-1; and high, 112 kg N ha-1), and 3 landscape positions (shoulder, 
backslope, and footslope) in South Dakota, USA.  
This study showed that N rate did not impact soil pH, SOC, TN, ρb, SOC stock, 
and P, however, landscape position significantly impacted the soil properties. The SOC, 
TN, and P at the footslope were significantly higher than that of the shoulder and 
backslope. The ρb at the footslope was significantly lower than the shoulder and 
backslope. The SOC and TN values at the 0- to 5-cm depth increased from 2009 to 2013. 
The SOC was significantly influenced by year under the high and medium N rates at the 0- 
to 5-cm depth. The average daily DOC contents at the backslope (6.45 mg L-1) were 
significantly lower than that at the shoulder (8.38 mg L-1) and footslope (8.95 mg L-1). 
The N rate significantly impacted the soil NO3
-. At the 0- to 5-cm depth, the mean soil 
NO3
- contents under the high N rate (0.72 mg kg-1) were significantly lower than those of 
the medium (2.28 mg kg-1) and the low N (3.16 mg kg-1) rates in 2010. The NO3
- contents 
under the low N rate were 68% higher than that of the high N rate in 2013. The N rate 
significantly impacted the soil surface N2O fluxes. The annual mean soil N2O fluxes 
under the high N rate were 30% higher than those under the low N rate for 2014. 
However, the N rate did not impact NO3
- leaching. The soil NO3
-, NO3
- leaching and N2O 
fluxes at the footslope position were significantly higher than the other positions in some 
observed years. The N rate significantly impacted the switchgrass biomass yield. The yield 
from 2009 to 2015 under the high and medium N rates (high N rate > medium N rate) was 
significantly higher than that of the low N rate. The DAYCENT modeling results provided 
satisfactory calibration and validation by using the measured high-frequency soil CO2 fluxes 
from the switchgrass field from 2010 to 2013. The simulated CO2 fluxes from the 
 
 
xxii 
 
switchgrass land under the different changing climate scenarios were not significantly 
different. To further compare the soils and environmental parameters among different N 
rates and positions, another 12 DAYCENT models under the high, medium, and low N rates 
at shoulder and footslope positions were developed using the measured CO2 and N2O fluxes 
for 2010 through 2015. The predicted SOC, soil NO3
-, CO2 and N2O fluxes at the footslope 
were significantly higher than that of the shoulder. Generally, the predicted SOC, soil NO3
-, 
CO2 and N2O fluxes under the higher N rates were higher than that under the low N rate.  
Results from this study concluded that the switchgrass seeded on marginally 
yielding croplands can act as a sustainable bioenergy crop through improving and 
maintaining soil properties, storing N nutrient, and reducing NO3
- leaching. Furthermore, 
the medium N fertilization rate (56 kg N ha-1) was the optimal rate for the switchgrass 
fields to increase the biomass yield, improve soil properties, and reduce the soil N2O 
emissions and NO3
- leaching.
1 
CHAPTER 1 
INTRODUCTION 
Switchgrass (Panicum virgatum L.) is a perennial C4 grass and native to North 
America. This perennial grass has successfully adapted to diverse environmental 
conditions over large geographic regions because it can tolerate soil water deficits and 
low soil nutrients (Barney et al., 2009; Lewandowski et al., 2003). Switchgrass can 
produce feed for livestock while improving soil stabilization and providing wildlife 
cover. It is a significant renewable energy source identified by the U.S. Department of 
Energy in 1985 (Lee et al., 2012) and was also selected as a model potential bioenergy crop 
in 1991 (Wright, 2007). Switchgrass as a bioenergy feedstock has great potential to 
produce cellulosic ethanol, or to directly combust for electrical generation, heat, 
gasification, and pyrolysis (Mitchell et al., 2016). The production of switchgrass has been 
increased over the past few decades due to its economic benefits, thus, there is strong 
need to assess the ecological impacts associated with switchgrass production in the 
United States (Hartman et al., 2011). 
Nitrogen (N) fertilization rate is a key factor in improving the switchgrass 
biomass production because N is a limiting nutrient for switchgrass (Hong et al., 2014; 
Owens et al., 2013). However, the amount of N fertilization depends on different soils 
and environmental conditions (Kering et al., 2012). An adequate amount of N 
fertilization can enhance soil organic carbon (SOC) accumulation and soil fertility 
(Bowman and Halvorson, 1998). However, excess N fertilizer application can result in 
excessive nitrate (NO3
-) leaching (Lamb et al., 2014) and emissions of nitrous oxide (N2O) 
gases to the atmosphere (Luce et al., 2011). The long-term inappropriate amount of N 
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fertilization can cause severe degradation of soils, characterized by high acidity, low 
nutrients, and a disturbed and unbalanced ecosystem (Dong et al., 2012; Zhang et al., 
2009). Studies have been conducted across the world to assess the impacts of N rate on 
switchgrass yields, N contents in switchgrass biomass (Guretzky et al., 2011; Lemus et 
al., 2008; Muir et al., 2001), soil properties (Heggenstaller et al., 2009; Schmer et al., 
2011; Valdez et al., 2017), NO3
- leaching (Behnke et al., 2012), dissolved organic carbon 
(DOC) leaching (Novak et al., 2010), and greenhouse gas (GHG) emissions (Mbonimpa 
et al., 2015b; Nikièma et al., 2011; Schmer et al., 2012; Wile et al., 2014). However, very 
few, if there are any, researchers studied the effects of N rate on soils, water, and GHG 
emissions together from switchgrass fields. Landscape position is another key factor in 
influencing soils under a hillslope scale (Bronson et al., 2003; Mwanjalolo Jackson-
Gilbert et al., 2015; Wang et al., 2001). Switchgrass grows often on marginal lands 
because fertile lands are usually used for food production (Gelfand et al., 2013; 
Somerville et al., 2010). These marginal lands are poorly suited to field crops, 
characterized by crops having low productivity, and are vulnerable to erosion due to 
hillslope or other environmental conditions (Gelfand et al., 2013).  
Studying the potential impacts associated with switchgrass production, the process-
based ecosystem model – DAYCENT (Del Grosso et al., 2001; Parton et al., 1998) is 
helpful in (i) evaluating the impacts of future temperature and precipitation changes on 
soil carbon dioxide (CO2) fluxes from switchgrass land and (ii) predicting the selected 
parameters in the future to account for the possible permutations in the region for evaluating 
the future ecological impacts. The DAYCENT model is the daily version of the CENTURY 
ecosystem model (Parton et al., 1987). It is a fully resolved ecosystem model simulating 
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major ecosystem processes, such as changes in soil organic matter, plant productivity, 
nutrient cycling (i.e., N, P, and K), CO2 respiration, soil water, and soil temperature (Del 
Grosso et al., 2001). It has been widely used to simulate the impacts of climate and land-use 
changes on the ecosystem around the world and is currently used for the US inventory of 
GHG budgets (Olander et al., 2011). However, the performance of the model strongly 
depends on how well they are calibrated and validated for the specific environmental 
conditions being evaluated (De Gryze et al., 2010; Smith et al., 1997). Therefore, the model 
of choice should be calibrated and then validated for local conditions to address the first 
requirement of switchgrass production systems at the regional scale. In this study, the 
calibration and validation of the DAYCENT models were conducted using the CPTE 
[Combined Parameter estimation (PEST) model (Doherty, 2010) and Trial-Error method] 
methodology, which is an improved method to combine the Trial and Error and PEST 
model, an inverse modeling method, to overcome the drawbacks of either trial and error or 
PEST model method alone for the model calibration and validation. The detail of the 
methodology was described in our previous studies (Lai et al., 2016; Mbonimpa et al., 
2015a). Climate change is related to the assessment of the future impacts of growing 
switchgrass on soils and the environment. The future climate change could be one of the 
most serious challenges for agriculture development (Easterling, 1996). The 
Intergovernmental Panel on Climate Change (IPCC) (2014) predicted that the global mean 
surface temperature changes for the period 2016–2035 relative to 1986–2005 is similar for 
the four RCPs (Representative Concentration Pathway) and will likely be in the range 0.3°C 
to 0.7°C (medium confidence). The increase in temperature in central North America will be 
higher than the global mean, accompanied on average by reduced summer precipitation and 
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soil moisture (Easterling, 1996). Extreme precipitation events over most of the mid-latitude 
land masses will very likely become more intense and more frequent, and the frequency and 
intensity of heavy precipitation events have likely increased in North America (IPCC, 
2014). Moreover, the temperature and precipitation changes can affect the growth of the 
crop (Behrman et al., 2013), soil properties (Albaladejo et al., 2013; Brevik, 2013), 
hydrology properties (Goldstein and Tarhule, 2015), water flow and quality (Fu et al., 2014; 
Kurylyk et al., 2014), and GHG emissions (Abson et al., 2014). The future climate change, 
therefore, is a key factor to predict the impacts of the switchgrass on soils and the 
environment.      
In this study, soil organic carbon (SOC), soil total nitrogen (TN), soil nitrate (NO3
-), 
phosphorus (P), soil bulk density (ρb), water-filled pore space (WFPS), and soil pH were 
selected for evaluating the impacts of growing switchgrass on the soil managed with 
different N rates and landscape positions. The dissolved organic carbon (DOC) and NO3
- 
leaching contents were used to evaluate the water quality from switchgrass field. The 
greenhouse gases (GHGs) [carbon dioxide (CO2) and nitrous oxide (N2O)] from switchgrass 
field were selected for assessing the impacts of the growing switchgrass on air quality and 
global climate change.  
Study Objectives 
The purpose of this study was to evaluate the impacts of N rate and landscape 
position on selected soils and environmental parameters that include soil organic carbon, 
total nitrogen, water quality, and soil surface GHG emissions in switchgrass fields to 
determine whether the switchgrass can be used as a sustainable bioenergy crop to benefit the 
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soil, water, and the environment in South Dakota. The specific objectives were developed 
separately for each study. 
Study 1. The study was entitled “impacts of nitrogen fertilization rate and landscape 
position on soil properties under switchgrass land”. The specific objective of 
this study was to evaluate the impact of N rate and landscape position on soil 
pH, SOC, TN, ρb, SOC stock, and P. 
Study 2. The study was entitled “nitrogen fertilization rate and landscape position 
influences on dissolved organic carbon in switchgrass fields”. The specific 
objectives were to (i) assess the impacts of N rate and landscape position on 
DOC leaching contents under switchgrass land, and (ii) evaluate the 
relationship between the DOC leaching contents and switchgrass biomass yield 
and climatic parameters. 
Study 3. The study was entitled “soil nitrogen dynamics in switchgrass seeded to a 
marginally yielding cropland in South Dakota”. The specific objectives were to 
(i) evaluate the effects of N rate, landscape position, and time on soil NO3
-, 
NO3
- leaching, and soil N2O fluxes and (ii) find out optimum application N rate 
to both increase switchgrass biomass and reduce adverse environmental 
problems.  
Study 4. The study was entitled “modeling the impacts of temperature and precipitation 
changes on soil CO2 fluxes from a switchgrass stand recently converted from 
cropland land”. The specific objectives were to (i) improve the method of 
calibration to enhance the simulation of DAYCENT model and (ii) analyze the 
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long-term impacts of temperature and precipitation changes on soil surface CO2 
fluxes from switchgrass land. 
Study 5. The last study was entitled “predicting soils and environmental impacts of 
switchgrass for bioenergy production in South Dakota: a DAYCENT modeling 
approach”. The specific objectives were to (i) predict the selected parameters 
(SOC, NO3
-, WFPS, CO2 and N2O fluxes, and yield) using DAYCENT models 
and (ii) evaluate the impacts of N rate, landscape position, and climate change on 
these parameters. 
 
All the five studies were written independently in the format of journal manuscripts 
for publication purposes. So far, Study 2 is published in Journal of Environmental 
Management, and Study 4 is published in Journal of Environmental Sciences.  
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CHAPTER 2 
LITERATURE REVIEW 
Switchgrass (Panicum virgatum L.) research has been conducted for more than 70 
years with the initial focus of research on livestock feed and soil conservation. In 1936, L.C. 
Newell began working with switchgrass and other grasses to potentially re-vegetate them in 
the areas of the central Great Plains and Midwest of USA because grasses were ruined by 
the drought of the 1930s. The first switchgrass cultivar Nebraska 28 was released in 1949 
from Newell’s program (Mitchell et al., 2016). Since then, research on switchgrass was kept 
increasing due to its various benefits on soils and ecosystem services. Later in 1985, the 
switchgrass was identified as a renewable energy source by the U.S. Department of 
Energy (Lee et al., 2012), and then it was selected as a model potential bioenergy plant in 
1991 (Wright, 2007). The research interest in switchgrass for bioenergy production has 
been increased exponentially since 1987 in the USA (Mitchell et al., 2016; Parrish and 
Fike, 2005; Wright, 2007). Switchgrass is a potential biofuel feedstock and can grow 
across diverse climatic conditions in North America (Madakadze et al., 1999; Sanderson 
et al., 1999; Vogel et al., 2002). It is successfully adapted to diverse environmental 
conditions over larger geographic regions (Lewandowski et al., 2003). The switchgrass-
for-biofuel system is usually established on marginal land (Gelfand et al., 2013; 
Somerville et al., 2010), in which the nitrogen (N) fertilizer is an essential management 
factor and landscape (slope) position is a key topography factor in impacting the 
switchgrass production. This literature review focused on the response of soils and 
environmental quality to switchgrass production for bioenergy on marginal lands. This 
chapter is divided into different subheadings mentioned below as: 
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2.1. Marginal Land 
Marginal lands are poorly suited to field crops. The crops grown on marginal 
lands have low productivity due to inherent edaphic or climatic limitations. The marginal 
lands are vulnerable to erosion due to hillslope scales or other environmental risks when 
cultivated (Gelfand et al., 2013). The United States of America has 121 million hectares 
of marginal land that could be used to produce renewable energy (Niblick and Landis, 
2016). These lands are natural marginal lands or results from the land-use conversions. 
For example, grasslands have rapidly been converted to croplands in the Northern Great 
Plains, USA, over the last 10 years, and this conversion has the potential to increase soil 
erosion and wildlife fragmentation, and/or to reduce soil health, wildlife habitat, biotic 
richness, and the region’s ability to mitigate flooding (Clay et al., 2014; Sohl et al., 2012; 
Wright and Wimberly, 2013). If the perennial grasses such as switchgrass were seeded on 
these degraded lands, they may offer the potential not only to improve soils and 
environmental quality (e.g., Brown et al., 2000; Keshwani and Cheng, 2009; Kiniry et al., 
2008; Maughan, 2011; McLaughlin and Adams Kszos, 2005; Sanderson and Reed, 2000; 
Skinner et al., 2012; VanLoocke et al., 2012) but also provide economic benefits to the 
farmers. Switchgrass is a high-yielding perennial plant that needs a smaller area 
compared with many other crops for producing a unit biomass (Wright et al., 2011), 
subsequently, reducing production costs. In fact, most switchgrass grows on marginal 
lands because fertile lands are mostly preferred for food production (Gelfand et al., 2013; 
Somerville et al., 2010).  
 
2.2. Landscape Position Impacts on Soils 
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Landcspae position is an important factor that can impact plant growth through 
influencing the soil properties (Bronson et al., 2003; Mwanjalolo Jackson-Gilbert et al., 
2015; Wang et al., 2001). Topography can strongly impact soil erosion and soil organic 
matter (SOM) (Guzman and Al-Kaisi, 2011) and hence the crop production. The erosion 
from the marginal land with slope can re-distribute soil organic carbon (SOC). For 
example, the loose surface soil with SOC on the slope is shifted first (Polyakov and Lal, 
2004), and then the sediment removal repeatedly occurs, resulting in mixing of the 
topsoil and subsoil and reducing the SOC concentration in the soils (Martínez-Mena et 
al., 2012).  
Soil erosion generally occurs at the shoulder and soil deposition at the footslope 
position (McCarty and Ritchie, 2002), where the soil nutrients are accumulated (Papiernik et 
al., 2007). Therefore, the SOC, total nitrogen (TN), soil nitrate (NO3
-), phosphorus (P), and 
potassium (K) are higher at the footslope compared with those at the shoulder position. This 
can result in increased root biomass and soil aggregation at footslope and soil degradation at 
shoulder position. The increase in SOM, soil structure, and root biomass at the footslope can 
primarily contribute to decreased soil bulk density (ρb) (Guzman and Al-Kaisi, 2011). 
Subsequently, it increases water-filled pore space (WFPS) at these positions (NRCS, 
2014a). Also, the increased SOM and root biomass at the footslope can increase the 
heterotrophic (mainly soil microbes) and the autotrophic (mainly from plant roots) 
respiration, respectively which increases soil surface CO2 fluxes at the footslope (Mbonimpa 
et al., 2015). Furthermore, the higher SOC and NO3
- at the footslope can lead to increased 
denitrification rate (Chantigny et al., 1998; Helgason et al., 2005; Luce et al., 2011), 
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resulting in higher nitrous oxide (N2O) fluxes at the footslope position compared with the 
shoulder and backslope positions.  
 
2.3. Nitrogen Fertilization Rate 
The proper N fertilizer management is crucial to reduce the costs and negative 
environmental impacts of planting switchgrass for bioenergy (Hong et al., 2014). The N 
fertilizer application is not recommended during the establishment year. This is primarily  
because the weeds also grow well due to the fertilizer use, and thereby, increase competition 
for establishing switchgrass seedlings, and nitrogen fertilizer adds the cost if the switchgrass 
establishment fails (Mitchell et al., 2008). The N is a limiting nutrient for switchgrass 
growth, even though it can grow on soils with low fertility (Hong et al., 2014; Owens et 
al., 2013). The N amount of switchgrass requirement depends on the yield potential of the 
field, the cultivar productivity, and other management practices (Vogel et al., 2002). 
Consequently, the optimum N rate for switchgrass managed for biomass varies with 
different local conditions (Mitchell et al., 2016). For example, in Nebraska and Iowa, the 
112 kg N ha-1 is considered as the optimum N rate for switchgrass growth (Vogel et al., 
2002).  
An adequate amount of N fertilization can enhance SOC accumulation and soil 
fertility (Bowman and Halvorson, 1998). The N fertilizer additions to grassland systems 
increase SOC and root C storage (Blanco-Canqui, 2010; Heggenstaller et al., 2009; Lee et 
al., 2007b; Ma et al., 2001; Schmer et al., 2011). A study conducted in Nebraska by Follett 
et al. (2012) observed that fertilization rate had variable effects on SOC after 9 years of 
switchgrass establishment. The N fertilization can enhance SOC accumulation and soil 
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fertility in the central Great Plains (Bowman and Halvorson, 1998; Halvorson et al., 
1999). The total N increased with the increase in N rate at the top soil depth (Carter and 
Bosma, 1974; McCarty et al., 1995). The soil bulk density significantly decreased as the 
N rate increased at the 0- to 5-cm depth in a barley (Hordeum vulgare L.)-corn (Zea mays 
L.) rotation system in Colorado (Halvorson et al., 1999). The N fertilizer impacts WFPS 
through influencing ρb, i.e., ρb decreases with increasing N rate (Bharati et al., 2002; Blanco-
Canqui, 2010; Halvorson et al., 1999; Murphy et al., 2004). However, other studies have 
reported no significant differences in SOC, carbon (C) stock (storage), TN, ρb, aggregate 
stability, and pH among different fertilization rates (e.g., Jung and Lal, 2011; Kibet et al., 
2016; Lu et al., 2011), but the pH per unit of N application decreased as the application 
rate increased (Geisseler and Scow, 2014). Similarly, there is a positive relationship 
between the SOC stock and N fertilization in a switchgrass field in Ohio (Jung and Lal, 
2011). Furthermore, the long-term intensive or overdose application of N fertilization can 
cause severe degradation of soils, characterized by high acidity, low nutrients, and a 
disturbed and unbalanced ecosystem (Dong et al., 2012; Zhang et al., 2009). 
Furthermore, the N fertilizer is one of the major sources of soil NO3
- supply 
(Schimel and Bennett, 2004). The N rate can significantly impact the soil NO3
- contents 
(Jokela, 1992). The NH4
+ fertilizer can be quickly converted to nitrate (NO3
-) under proper 
climate conditions through nitrification (Whalen and Sampedro, 2010). The excessive soil 
NO3
- is easily leached into deeper soils and into the underground water because the soil 
NO3
- is a negatively charged ion which is repelled by negatively charged clay mineral 
surface in soils, therefore, it moves freely through most soils (Lamb et al., 2014). It can also 
be converted by bacteria to N gases such as nitrous dioxide (N2O) that are lost to the 
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atmosphere (Luce et al., 2011). The N rate can significantly influence N2O fluxes (e.g., 
Schmer et al., 2012). However, no differences between the N2O fluxes under N fertilizer and 
unfertilized switchgrass were reported by Nikièma et al. (2011). A study conducted in 
Canada by Wile et al. (2014) showed that the N fertilizer impact on N2O emission was 
significant in 2008 but not in 2009. Moreover, the N rate did not impact soil CO2 fluxes 
(Mbonimpa et al., 2015; Schmer et al., 2012). 
 
2.4. Impacts of Switchgrass Production on Soil Properties 
Switchgrass is a perennial plant with deep root system (Lewandowski et al., 2003). 
Switchgrass root systems are the most prominent in the surface soil (30 cm soil) which 
contains >66% of total root mass (Garten et al., 2010; Garten et al., 2011; Ma et al., 2000). 
The deep root system of switchgrass can improve soil properties such as the SOC, TN, 
NO3
-, P, and ρb (Blanco-Canqui, 2010; Frank et al., 2004; Liebig et al., 2005). Listed below 
is the information related to some soil parameters response to switchgrass production. 
2.4.1. Soil Organic Carbon 
 Switchgrass can restore the SOC in surface soils and stabilize the soils (Frank et 
al., 2004). Omonode and Vyn (2006) reported that the mean SOC for 0-100 cm depth was 
8.1% higher under switchgrass than that of the tall mixed grass after 6-8 years. In the 
perennial energy crop fields, the soils with low initial SOC contents have more potential to 
accumulate SOC (Kibet et al., 2016). In Inner Mongolia, China, the mean SOC increased 
from 6.59 g kg−1 for switchgrass planted in 2009 to 7.73 g kg−1 for switchgrass planted in 
2006, compared with 8.79 g kg−1 for the native grasses (Molatudi et al., 2016). This is 
mainly because switchgrass is a perennial plant that can regrow to provide annual dieback 
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and extensive fibrous root system which can help in increasing soil organic matter (Brown 
et al., 2000; Frank et al., 2004). Plant roots are one of the primary conduits for transporting 
photosynthetically fixed C to the soil (Kong and Six, 2010; Norby and Jackson, 2000; Rasse 
et al., 2005), therefore, these extensive root systems likely strengthen the ability of 
switchgrass to sequester soil C through affecting the magnitude and depth of soil C inputs 
(Adkins et al., 2016). The fertilizer application can also increase SOC and root C storage 
(Blanco-Canqui, 2010; Heggenstaller et al., 2009; Lee et al., 2007b; Ma et al., 2001; Schmer 
et al., 2011). Lee et al. (2007b) reported that switchgrass store 2.4 ± 0.9 Mg C ha−1 yr−1 with 
the addition of NH4NO3 and 4.0 ± 1.0 Mg C ha
−1 yr−1 in the 0- to 90-cm depth with the 
addition of manure in eastern South Dakota. In Nebraska, Follett et al. (2012) observed 
that the effects of N fertilization rate on SOC were variable after a 9-yr switchgrass 
establishment. Furthermore, the continuous no-till practice for the perennial grass can also 
increase or maintain the SOC content (Malhi et al., 2003; NRCS, 2014b). 
2.4.2. Total Nitrogen 
There are more TN accumulation in the soils under switchgrass production than 
those in row crops in the long-term (Blanco-Canqui, 2010). Tufekcioglu et al. (2003) 
reported that the TN contents in a 7-yr switchgrass field in Iowa were greater than that in 
row crop land. Omonode and Vyn (2006) observed that the total N on switchgrass land 
was greater in one plot but lower in another two plots compared with croplands in the 0- 
to 15-cm soil depth across 10 paired soils under the 6- to 8-yr growing switchgrass in 
Indiana. Also, in Iowa, Al-Kaisi and Grote (2007) reported that total N in switchgrass 
was similar to that in the corn-soybean rotation in the 0- to 15-cm depth, whereas, for the 
15- to 60-cm depth, it was greater in the switchgrass field. However, when switchgrass 
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was burned for each year, there were no differences in total N contents between 
switchgrass field and row crop land. A study using the Soil and Water Assessment Tool 
(SWAT) model by Sarkar et al. (2011) reported that the long-term N loss for the 
switchgrass production was only ~10% than that of cotton in South Carolina. In Inner 
Mongolia, China, a recently study reported that the mean TN decreased from 0.34 g kg−1 
for the control (native grasses) to 0.27 g kg−1, 0.28 g kg−1, and 0.30 g kg−1 for switchgrass 
planted in 2009, 2008, and 2006, respectively (Molatudi et al., 2016). 
2.4.3. Soil Bulk Density 
Soils with switchgrass production can usually have reduced soil bulk density 
compared to those with the row crops (Blanco-Canqui, 2010). Bharati et al. (2002) found 
that soil bulk density in a riparian switchgrass buffer in Iowa was 17% lower than that under 
corn. After 10-yr switchgrass establishment in Iowa, Rachman et al. (2004) found that the 
soil bulk density was reduced in the switchgrass buffer strips under no-till corn-soybean 
rotation at the 0- to 30-cm depth. Murphy et al. (2004) observed that mean soil bulk density 
under switchgrass land (0.68 Mg m−3) was lower than cool-season grass (0.76 Mg m-3) in 
Kansas. This was due to the fact that the switchgrass deep-root systems can increase the soil 
organic matter and hence reduce the soil compaction (Thomas et al., 1996). Further, 
switchgrass roots penetrate the soil matrix layers to change soil pores structure and hence 
reduce the soil bulk density (Blanco-Canqui, 2010; Katsvairo et al., 2007). 
2.4.4. DOC Leaching 
Dissolved organic carbon (DOC) is a main component of leaching in soils. The 
DOC is a complex mixture of organic compounds that plays an important role in the 
terrestrial ecosystems. The DOC leaching is another way to understand and explain the 
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loss or gain of net carbon from soil-plant ecosystems (Moore et al., 2008; Thurman, 
1985). The DOC leaching is an important source of C in rivers and lakes (Aitkenhead and 
McDowell, 2000; Chibnall, 2013). It can influence microflora and fauna in rivers and 
lakes through affecting physical, chemical, and biological properties of freshwater 
systems (Gergel et al., 1999). 
The DOC originates from the accumulated plant matter, soil humus, microbial 
biomass, and plant root exudates (Chibnall, 2013; Kalbitz et al., 2000). It is removed 
from the soil through adsorption or decomposition by microbes (Chibnall, 2013). The fate 
of DOC leached from the soil follows three main pathways: (i) leaching to the 
groundwater, (ii) mineralization to CO2, or (iii) sorption and storage in the soil. The 
processes, in turn, depend on the internal soil conditions and the environmental factors 
(Chibnall, 2013). The erosion can directly impact DOC leaching content through 
reducing the amount of soil C in two ways: (i) the reduction causes soil degradation 
which in turn results in reduced crop productivity and (ii) the erosion removes nutrients, 
surface soil, and C from higher slopes and deposits eroded material including C at the 
downslopes (Gregorich et al., 1998). Moreover, erosion can affect other soil properties, 
such as soil organic matter (Pennock, 1997), soil bulk density, moisture retention, cation 
exchange capacity, and nutrient concentrations (Gregorich et al., 1998) to indirectly 
influence the DOC leaching contents (Chibnall, 2013).  
The impacts of N rate on the DOC leaching vary with different soils and 
environmental conditions. McTiernan et al. (2001) reported that the increased N inputs 
increased the concentration of DOC leachate because of the increased dry matter 
production that contributes to a greater amount soluble C produced. However, another 
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study reported that there was the highest DOC leaching content in the low N system and 
the lowest content under the high N system (Parfitt et al., 2009). The leaching is more 
dependent on the volume of water through the soil (Harrison et al., 2008). Because of no 
dilution effect of DOC concentration from increased rainfall, the DOC leaching contents 
under higher precipitation condition have slighter variation (Peichl et al., 2007). In the 
dry areas, the DOC contents could have higher variation because a wet-dry process can 
produce large amounts of DOC (Lundquist et al., 1999) due to the presence of large 
amounts of water-soluble neutral organic matter through the lysis of microbial cells under 
dry condition (Christ and David, 1996).  
2.4.5. NO3- Leaching 
Nitrate (NO3
-) are the major component of leaching from soils. The excessive 
NO3
- in soils can result in NO3
- leaching into the ground water (Lamb et al., 2014). This 
leaching could pollute natural water systems such as lakes and rivers (Ma et al., 2001; 
Madakadze et al., 2003). NO3
- leaching occurs through the movement of soluble NO3
- with 
water in the soil (IPNI, 2015). Slope position can strongly impact the NO3
- leaching. Water 
can move through the soil from the shoulder and backslope to the footslope position because 
of the water gravity potential, resulting in the higher NO3
- leaching content at the footslope 
(Papiernik et al., 2007). The N fertilizer can also impact NO3
- leaching. In Colorado, 
Ludwick et al. (1976) reported that soil NO3
- content in the 300-cm sampled profile was 
significantly influenced by fertilizer N treatment, and these contents increased linearly with 
the increase of N fertilization rate. Behnke et al. (2012) found that there was a significant 
increase in NO3
- leaching between 0 and 120 kg N ha−1 treatments in 2010 (8.9 and 28.9 kg 
NO3–N ha
−1 year−1, respectively) in Illinois. In Minnesota, Squires (2013) found that the 
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excessive levels of stalk nitrates due to N fertilizer use are an indication of likely pollution 
through leaching. Lower precipitation could result in less soil moisture, which can 
decrease denitrification rate, reduce the nitrate available for leaching (McIsaac et al., 
2010). Furthermore, switchgrass has the deep and extensive roots (Lewandowski et al., 
2003), which could obtain lots of arbuscular mycorrhizal (AM) fungi that have ability to 
enlarge the nutrient interception zone, prevent nutrient loss after rain-induced leaching 
events, reduce the volume of soil leachate (Asghari et al., 2005; van der Heijden, 2010), 
and enhance rates of N immobilization, consequently reduce the risk of N loss via 
leaching (Cavagnaro et al., 2015).  
 
2.5. Impacts of Switchgrass Production on Greenhouse Gas Emissions 
Greenhouse gas (GHG) emissions mainly include CO2, N2O, and CH4 because these 
gases are used for evaluating the global warming potential (GWP) (Li and Mupondwa, 
2014). Switchgrass performs generally better than the other biomass crops in terms of 
producing less CO2 and N2O emissions from soils. For CH4 emission, switchgrass could act 
as a moderate sink, which was argued because of substantial lack of information on the topic 
(Monti et al., 2012).  
2.5.1. Soil Surface N2O Emissions 
Soil surface N2O emissions from switchgrass fields are lower than that from the 
most other biomass crops (Monti et al., 2012). The increase in SOC and NO3
- at the 
footslope can enhance the rate of denitrification (Chantigny et al., 1998; Helgason et al., 
2005; Luce et al., 2011), resulting in higher N2O fluxes at footslope. The effects of N rate 
on N2O fluxes depend on specific conditions at the local site. Linn and Doran (1984) 
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reported that the N2O fluxes from the N-fertilized soils were significantly higher than 
those of unfertilized in Nebraska. Schmer et al. (2012) reported that mean hourly N2O 
fluxes was consistently greater under N fertilization than without N throughout the growing 
season in North Dakota. Nikièma et al. (2011), however, reported that no differences in N2O 
fluxes were observed between N fertilizer applications and unfertilized switchgrass in 
Michigan. In Canada, Wile et al. (2014) showed that the effect of N fertilizer on N2O 
emissions was significant in 2008 but not in 2009.  
Reduction of the negative impact of fertilization on GHG emissions depends on 
(i) minimizing the use of N fertilizers or no N fertilizer application, and (ii) developing or 
using more efficient N-use strategies (Monti et al., 2012). However, the optimal nitrogen 
fertilization dose for switchgrass varies widely (Monti et al., 2012). The fertilizer 
application is the most important factor in impacting N2O emissions for switchgrass 
based on the life-cycle analysis (LCA). Qin et al. (2006) reported that the total life-cycle 
N2O emissions of 68.9% were due to the production and use of fertilizers and atrazine 
estimated by using the LCA method. Cherubini and Jungmeier (2010) found that the 
agricultural phase of switchgrass was responsible for 80% of the life-cycle GHG emissions, 
~40% of which were N2O emissions estimated by using the life-cycle analysis model due to 
uses of fertilizers and chemicals, transport and harvest. Therefore, balancing the nitrogen 
supply to achieve full yield potential while avoiding nutrient excess is a key to reduce 
N2O emissions under the local environment conditions (Heaton et al., 2004; Schimel, 
1986).  
2.5.2.  Soil Surface CO2 Emissions 
 
 
23 
 
 
 
The CO2 emissions from switchgrass fields are generally less than those from the 
row crops such as corn (Monti et al., 2012). Kim and Dale (2003) reported that the global 
warming impact was 246 to 286 g CO2 equivalent kg
-1 for corn, 159 to 163 g CO2 
equivalent kg-1 for soybean, 89 g CO2 equivalent kg
-1 for alfalfa, and 124 to 147 g CO2 
equivalent kg-1 for switchgrass. Farrell et al. (2006) also reported similar results that showed 
that the switchgrass-ethanol produced lower CO2 emissions than those of corn-ethanol. Luo 
et al. (2010) reported that the switchgrass-ethanol had lower global warming potential than 
the corn, sugarcane (Saccharum spp.), and flax (Linum usitatissimum L.) shives-ethanol.  
Agricultural practices such as N fertilization and soil tillage likely play an important 
role in carbon emissions (Monti et al., 2012). The elevated N fertilization can increase CO2 
emissions associated with the energy consumed during the fertilizer production phase 
estimated using the LCA model (Monti et al., 2012). However, some measured results 
showed that the N fertilizer application does not significantly affect soil CO2 fluxes. For 
example, there was no significant impact of N fertilizer on soil CO2 fluxes during the four 
growing seasons on switchgrass-dominated land in South Dakota (Lee et al., 2007a). The N 
fertilization of switchgrass did not affect cumulative growing-season CO2 and CH4 fluxes 
(Mbonimpa et al., 2015; Schmer et al., 2012).  
 
2.6. Impacts of Climate Change on Soil Surface CO2 Fluxes 
Temperature and precipitation directly determine the soil temperature and moisture, 
respectively, which are the most important abiotic parameters determining CO2 fluxes and 
its underlying processes (Kutsch et al., 2009; Subke and Bahn, 2010). Some studies have 
shown that soil moisture can affect CO2 fluxes through its direct influence on plant root and 
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microbial activities in soils, and indirect influences on soil physical and chemical properties 
(Raich and Schlesinger, 1992; Schimel et al., 1999). Drought conditions reduce soil 
respiration and wetter conditions increase CO2 production (Jensen et al., 2003). The 
autotrophic respiration is less susceptible to drought condition than the heterotrophic 
autotrophic respiration (Scott‐Denton et al., 2006; Zhou et al., 2007). However, under wet 
conditions, the higher water content could decrease CO2 respiration from soils because more 
water can reduce air-filled porosity and increase stomatal resistance (Kirkham, 2011). The 
excess water or waterlogged conditions can create anaerobic conditions, and thereby 
suppress CO2 emissions from soils (Liu et al., 2002). Moreover, it is not necessarily true that 
the precipitation always increases the soil moisture content to influence the CO2 fluxes. The 
probable reason is that some precipitation events may be unable to rewet the deeper soils 
(Poll et al., 2013). Furthermore, since the higher temperature can increase 
evapotranspiration from the soil, the elevated soil temperature can result in a negative effect 
on soil moisture (Liu et al., 2009; Poll et al., 2013; Shaver et al., 2000). The reduction in soil 
moisture by soil warming has been shown to reduce microbial respiration in a dry semiarid 
temperate steppe (Liu et al., 2009).  
The temperature in combination with precipitation is also the main driving factor in 
affecting belowground soil respiration (Do, 2008). The interactions of soil temperature and 
moisture drive respiration in most plant-soil ecosystems (Kanerva et al., 2007; Li et al., 
2006). The regression analysis shows that the soil moisture positively affects the correlation 
between soil temperature and soil respiration and explains 25% of the variation in Q10 
values (Poll et al., 2013). The increase in CO2 fluxes with increasing temperature is 
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probably due to the increased plant biomass and subsequent increases in C flow to soils with 
an increase of temperature under adequate precipitation conditions (Kanerva et al., 2007). 
 
2.7. DAYCENT Model Simulations 
It is very difficult to collect data from switchgrass production, for instance, under 
a range of soils and climatic conditions across the globe. Therefore, biogeochemical 
process models such as Daily Day Century (DAYCENT) (Del Grosso et al., 2001b; 
Parton et al., 1998), DeNitrification-DeComposition (DNDC) (Li, 2000), and many 
others are useful tools to simulate the parameters in crop systems such as gas exchange 
under different permutations and combinations (Abdalla et al., 2010; Del Grosso et al., 
2006). These models can simulate different management practices to evaluate their 
impacts on crop growth, yield and GHG emissions. These models can also be used to 
predict many parameters of the water, soil, and air to assess climate change, food, soil, 
air, and water quality for future long-term periods (De Gryze et al., 2010). DAYCENT 
model was used in the present research and hence will be discussed here in detail. 
The DAYCENT model (Parton et al., 1998) is the daily version of the CENTURY 
model (Parton, 1996; Parton et al., 1987). It is a fully resolved ecosystem model 
simulating major ecosystem processes such as changes in soil organic matter, plant 
productivity, nutrient cycling (i.e., N, P, and S), CO2 respiration, N2O and CH4 trace gas 
fluxes, soil water, and soil temperature (De Gryze et al., 2010). It has been widely used to 
simulate the impacts of climate and land-use changes on the ecosystem around the world 
and is currently used for the US inventory of GHG budgets (Olander et al., 2011). The 
model inputs include average daily precipitation, daily maximum and minimum 
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temperature, soil texture, soil properties (soil bulk density, pH, soil wilting point, and 
field capacity), historical land use, and field and crop management and site information.  
Many studies have reported the simulations using DAYCENT models (e.g., Abdalla 
et al., 2010; Davis et al., 2010; De Gryze et al., 2010; Del Grosso et al., 2008; Del Grosso et 
al., 2001a; Delgado et al., 2010; Gelfand et al., 2013; Olander et al., 2011; Rafique et al., 
2013; Zhang et al., 2013). The DAYCENT model, for example, was applied to quantify on-
farm GHG emissions and N dynamics of land use conversion to N-managed switchgrass in 
the Southern USA (Chamberlain et al., 2011). The environmental and policy implications of 
switchgrass grown for bioenergy in the southeastern United States were explored from the 
perspective of land conversion to switchgrass using DAYCENT model (Chamberlain, 
2011). The DAYCENT model was also used to evaluate the impact of second-generation 
biofuel agriculture (including switchgrass) on GHG emissions in the USA (Davis et al., 
2012). It was used for simulating the switchgrass biomass production across ecoregions in 
California (Lee et al., 2012). Hudiburg et al. (2015) reported that switchgrass GHG 
mitigation potential was estimated by using DAYCENT model under a range of 
management practices in the corn and agricultural regions of the Midwest and the eastern 
United States. Nocentini et al. (2015) reported the model simulation of cumulative carbon 
sequestration by switchgrass in the Mediterranean area using the DAYCENT model. 
However, the performance of the DAYCENT model is strongly dependent on 
calibration and validation based on specific environmental conditions of an ecosystem 
under investigation (De Gryze et al., 2010). It is not until recently that the calibration 
method for these models was “trial and error” and researchers manually tuned the 
parameter values based on their experiences and personal judgments. On the other hand, 
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an inverse modeling approach in terms of running computer, not manually, to calibrate 
the DAYCENT model. The model uses measured data as inputs to provide more reliable 
estimates of model parameters based on the mathematical and statistical theories. The 
Parameter ESTimation (PEST) (Doherty, 2010) is one of the several alternative models to 
use the inverse modeling approach. The first application of inverse modeling using PEST 
for parameter calibration of DAYCENT was reported by Rafique et al. (2013) for 
simulating N2O fluxes from a no-till corn crop in Iowa.  
 
2.8. Research Gaps 
The literature reviewed reveals that the previous studies have deeply and widely 
evaluated the impacts of growing switchgrass on soil, water, and GHG emissions in terms of 
different parameters under various treatments from diverse environmental conditions. 
However, there are some research gaps among the studies.    
(i) The assessments of soils and the environment from switchgrass fields were 
separately conducted under different management systems and scattered in different studies, 
however, very few or negligible studies were conducted across the global that investigated 
all the soils, environment parameters, and modeling components together.  
(ii) The investigation of assessing the long-term impacts of switchgrass managed with N 
fertilizer and slope position on multiple soil properties continuously for longer duration is 
still limited.  
(iii) Little is known about the future long-term impact of climate change on soil GHG 
fluxes in switchgrass fields. 
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CHAPTER 3 
IMPACTS OF NITROGEN FERTILIZATION RATE AND LANDSCAPE 
POSITION ON SOIL PROPERTIES UNDER SWITCHGRASS LAND 
ABSTRACT 
Switchgrass (Panicum virgatum L.) cultivation for biofuels in the US has the potential to 
improve some soil properties. However, only a few studies reported the changes in soil 
properties for the first few years of switchgrass establishment. This study was conducted 
in South Dakota with the specific objective to evaluate the impacts of the nitrogen (N) 
fertilization rate and landscape position on changes in the soil organic carbon (SOC), 
total N (TN), SOC stock, pH, bulk density (ρb) and phosphorus (P) for 2009 through 2013 
in switchgrass field. The experiment was a split-plot design with 3 N rates (low, 0 kg N 
ha-1; medium, 56 kg N ha-1; and high, 112 kg N ha-1) under 3 landscape positions 
(shoulder, backslope, and footslope) in 4 replications. The results from this study showed 
that the N rate did not impact the soil pH, SOC, TN, ρb, SOC stock, and P at all five 
depths from 2009 to 2013. The landscape position significantly influenced these 
properties for all five depths from 2009 through 2013. The year significantly affected 
these properties at some sampling depths. The SOC and TN at the 0- to 5-cm depth had 
an increasing trend over five years. It can be concluded that the N fertilization does not 
impact the soil properties for initial 4-5 years of switchgrass establishment. The growing 
of switchgrass can improve or stabilize the soil properties over time. The soil properties 
were improved at the footslope compared to the properties at other positions. 
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3.1. Introduction 
Switchgrass is a native perennial warm-season grass (C4) in North America. It has 
deep root systems and can widely adapt as an endemic species (Lewandowski et al., 2003). 
Switchgrass was first identified as a renewable energy source by the United States 
Department of Energy in 1985 (Lee et al., 2012), and was selected as a “model” potential 
bioenergy crop in 1991 (Wright, 2007). To successfully implement switchgrass cultivation 
for biofuels, the potential ecological impacts should be assessed with increasing economic 
impacts (Hartman et al., 2011). Some studies on the ecological impacts including the impact 
of switchgrass on soils have been reported. Results from a review study by Lemus and Lal 
(2005) indicated that switchgrass can restore soil organic carbon (SOC) in surface soils. 
Switchgrass also has the potential for storing a significant quantity of soil C in the northern 
Great Plains (Frank et al., 2004). Furthermore, the deep-root systems of switchgrass have 
potential to reduce soil erosion (McLaughlin et al., 2002; Williams et al., 2009). The 
magnitude of the benefits, however, depends on soil type, topography, harvest frequency, 
fertilizers, pesticides, and climate. So far, studies to address the impacts of switchgrass on 
soils are very limited (Blanco-Canqui, 2010). 
Soil properties can be used as indicators for evaluating soil quality (Gong et al., 
2015; Smith et al., 1993). The primary indicators for evaluating soil quality include the 
soil organic matter, bulk density (ρb), nutrient availability, retention capacity, respiration, 
aggregation, texture, and infiltration. The interdependent indicators are the SOC, pH, 
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nutrient availability, electrical conductivity, and infiltration rate (Arshad and Martin, 
2002). Soil organic components, such as SOC or total nitrogen (TN) are the most critical 
indices of soil fertility (Li, 1992; Ming et al., 2011). Furthermore, the soil nutrients (e.g., 
organic C, N, and P) positively impact the soil physical, chemical, and biological 
properties (Cao et al., 2011). Soil pH affects the chemical reactions in soils (Zhao et al., 
2011) and greatly influences the availability of some plant nutrients (Jensen et al., 2010). 
The increase of SOC stock in soils can reduce net CO2 emissions through SOC 
sequestration and it can improve soil properties (Blanco-Canqui, 2010; Robertson et al., 
2008). Therefore, the SOC, TN, P, pH, ρb, and SOC stock were evaluated to assess the 
benefits of switchgrass for this study. 
Nitrogen (N) fertilization is a key factor in land management that influences the 
soil properties in switchgrass fields because N is a limiting nutrient for switchgrass 
(Hong et al., 2014; Owens et al., 2013). However, the amount of N fertilization depends 
on different soil conditions to various switchgrass fields (Kering et al., 2012). An 
adequate amount of N fertilization can enhance SOC accumulation and soil fertility 
(Bowman and Halvorson, 1998). Conversely, the long-term or inappropriate amount of N 
fertilization uses can degrade the soils, resulting in high acidity and low nutrients or 
disturbing and unbalancing the ecosystems (Dong et al., 2012; Zhang et al., 2009). 
However, specific information about the effect of N fertilization rate (N rate) on soils 
seeded to switchgrass in South Dakota is still lacking.  
Landscape position is also a key factor influencing soil properties under a 
hillslope scale (Mwanjalolo Jackson-Gilbert et al., 2015). Previous studies have shown 
that soil properties are dependent on their landscape positions (Bronson et al., 2003; 
 
 
41 
 
 
 
Guzman and Al-Kaisi, 2011). Only a few studies, however, are related to the 
position/spatial effects on soil properties in switchgrass fields. For instance, the field-
scale soil properties such as ρb, pH, soil phosphorus (P), and SOC under switchgrass 
managed in Nebraska, South Dakota, and North Dakota were quite variable depending on 
the different sites (Schmer et al., 2011). The potential environmental benefits of 
switchgrass are likely dependent on different locations (Dale et al., 2011). However, little 
is known about landscape position effects on soil properties under switchgrass fields 
managed in NGP region. 
Therefore, the specific objectives of this study were to (i) evaluate the impact of 
N rate and landscape position on soil pH, SOC, TN, ρb, SOC stock, and P and (ii) assess 
the impact of the growing switchgrass on these soil properties.  
 
3.2. Materials and Methods 
3.2.1. Study Site 
The study site is located 45°16'24.55"N, 97°50'13.34"W, near Bristol, South 
Dakota, USA. The experimental design was a split-plot design with 3 landscape positions 
(shoulder, backslope, and footslope) and 3 N rates (low, 0 kg N ha-1; medium, 56 kg N 
ha-1; and high, 112 kg N ha-1) with four replications. Plot size was 21.3 m by 365.8 m 
with 2-20% slope. Switchgrass (cultivar: sunburst) was planted on May 17, 2008. The 
previous crop grown at this location was soybean (Glycine max. L.). Switchgrass was 
harvested once annually around a killing frost from 2009 to 2015. The soils at the site are 
dominated by loamy soils: Forman (Fine-loamy, mixed, frigid Udic Argiborolls), Buse 
(Fine-loamy, mixed, frigid Udic Calciborolls), Aastad (Fine-loamy, mixed, frigid Pachic 
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Udic Haploborolls), and Barnes (Fineloamy, mixed, frigid Udic Haploborolls). There are 
also minor occurrences of Netley (Fine, montmorillonitic, frigid Chromic Hapluderts) 
and Sinai (Fine, montmorillonitic, frigid Typic Hapluderts) silty clays. Buse soils are 
mostly encountered at shoulders and Aastad at footslopes (Mbonimpa et al., 2015).  
3.2.2. Data Measurements and Analysis 
Soil samples were collected from each plot during summer (June) of 2009, 2010, 
2011, 2012 and 2013 for measuring the selected soil properties that include soil pH, SOC, 
TN, ρb, SOC stock, and P at the 0- to 5-, 5- to 15-, 15- to 30-, 30- to 60-, and 60- to 100-
cm depths. Soil samples were collected soil cores (3.2 cm) at three random locations 
along a diagonal transect, creating an X pattern for a total of six sampling locations in 
each plot.  Soil cores were separated into five sampling depths (0-5, 5-15, 15-30, 30-60 
and 60-100 cm). Samples from each core were bulked together and air dried. Soil 
samples were ground to pass a 2 mm screen. To analyze for TN and TC samples were 
further ground to pass through a 0.5 mm sieve. All visible residue was removed prior to 
grinding. Total C and TN were determined by combustion using a TruSpec CHN 
analyzer (LECO Corporation, St. Joseph, MI). Soil pH (1:1 soil/water) was determined 
using the procedure given by McLean (1982). The soil samples were tested for soil 
inorganic carbon (SIC) using the method described by Wagner et al. (1998). The SOC 
was calculated by subtracting SIC from TC. The P concentrations were measured using 
the Olsen P test (Olson et al., 1954). Soil ρb was determined by the core method 
(Grossman and Reinsch, 2002). The SOC stock (Mg ha−1) was computed by multiplying 
the SOC concentration by the ρb (Mg m
−3) and the equivalent soil depth d (cm):  
𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘 =  𝜌𝑏 × 𝑆𝑂𝐶 × 
𝑑
10
                         (1) 
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where d is soil depth (cm), ρb is soil bulk density (Mg m
−3), SOC is SOC concentration (g 
kg-1). 
3.2.3. Statistical Analysis 
Statistical comparisons of differences in the soil pH, SOC, TN, ρb, SOC stock, 
SOC stock and P among the three N rates and positions for each depth from 2009 to 2013 
were obtained using pairwise differences method to compare least-squares means 
estimated by a mixed model using the GLIMMIX procedure in SAS9.3 (SAS, 2012), 
where the N rate, position, and N rate × position were considered as fixed effects and 
replication and replication × N rate as random effect. The analysis of variance (ANOVA) 
was used to test the fixed effects of the N rate and position on the soil properties based on 
the mixed model. Similarly, the year effects on these properties for each depth were 
tested using another mixed model, where year, N rate, position, N rate × position, year × 
N rate, year × position, year × N rate × position comprised the fixed effects, while 
replicate, replicate × N rate, replicate × position constituted the random effects. 
Significance was determined at α = 0.05 level for all statistical analysis in this study. 
 
3.3. Results 
3.3.1. Soil pH 
The effects of different treatments and associated interactions on soil pH for all five 
soil depths from 2009 to 2013 are presented in Table 3.1. The N rate did not significantly 
influence the soil pH at the five depths from 2009 to 2013. The pH under the medium N rate 
was generally higher than the high and low N rates at the 0- to 5-cm, 5- to 15-cm, 15- to 30-
cm, and 30- to 60-cm depths. However, the position significantly impacted the pH at all the 
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depths in the observed years except for the 0- to 5-cm depth in 2010. The pH at the 
footslope was lower than at the backslope, which was less than at the shoulder for all five 
depths and years (data not shown). Mean pH values for the three positions and all five 
depths varied in the range of 7.63 to 8.52, 7.44 to 8.49, 7.76 to 8.89, 7.31 to 8.46, and 7.34 
to 8.53 in 2009, 2010, 2011, 2012, and 2013, respectively. The pH values generally 
increased with the increase in the soil depth. The pH was influenced by year under the three 
N rate and positions at all depths from 2009 to 2013. It had a downtrend curve over the 
years. Higher mean values, for example, were observed in 2011 under high, medium, and 
low N rates at the 60- to 100-cm depth (8.61, 8.59, and 8.55, respectively) than 2009 (8.29, 
8.30, 8.16), 2010 (8.20, 8.17, and 8.25), 2012 (8.13, 8.11, and 8.06), and 2013 (8.18, 8.25, 
and 8.11).  
3.3.2. Soil Organic Carbon 
 The data for SOC concentrations (g kg−1) under different treatments at the five 
depths from 2009 to 2013 are presented in Table 3.2a and 3.2b. The N rate did not 
significantly influence the SOC contents at all five depths from 2009 to 2013. At the 0- to 5-
cm depth, the SOC under the high N rate was higher than the medium N rate, which was 
lower than the low N rate for each year from 2009 to 2012. However, the position 
significantly impacted the contents at all depths in the observed years except for the 60- to 
100-cm depth in 2010, 2011, and 2012. The SOC content was higher at the footslope than 
the backslope, which was higher than the shoulder for the five depths from 2009 to 2013. 
For instance, in the 0- to 5-cm depth, the mean SOC contents at the footslope were 50, 47, 
47, 45, and 45% higher from 2009 to 2013, respectively, compared with the shoulder, and 
29, 41, 41, 36, and 33% higher compared with the backslope position. The N rate × position 
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interaction effect on SOC was significant only for the 5- to 15-cm depth in 2011. Mean SOC 
contents at different positions and all depths varied in the range of 5.64 to 30.2, 7.22 to 32.6, 
6.58 to 32.3, 7.48 to 29.9, and 7.21 to 33.6 g kg−1 in 2009, 2010, 2011, 2012, and 2013, 
respectively. The SOC contents decreased as the depth increased. The SOC content was 
significantly influenced by year under the high and medium N rates at the 0- to 5-cm depth. 
The mean SOC under the high and medium N rates at the 0- to 5-cm depth generally 
increased over the years.  
3.3.3. Soil Total Nitrogen 
The mean TN concentrations (g kg−1) of the different treatments at the five depths 
for 2009 through 2013 are presented in Table 3.3a and 3.3b. The N rate did not influence the 
TN contents at all five depths from 2009 to 2013. The TN contents generally increased as 
the N rate increased from 2009 to 2013 at the 0- to 5-cm depth. The position, however, 
significantly impacted the contents at all depths in the observed years. The TN content was 
higher at the footslope than the backslope, which was higher than the shoulder for all five 
depths from 2009 to 2013. In the 0- to 5-cm depth, for example, the mean TN contents at the 
footslope were 52, 38, 29, 38, and 50% higher from 2009 to 2013, respectively, compared 
with the shoulder, and 25, 29, 21, 34, and 39% higher compared with the backslope position. 
Mean TN contents at the positions and all depths varied in the range of 0.41 to 2.47, 0.48 to 
2.82, 0.38 to 2.52, 0.10 to 2.86, and 0.10 to 2.98 g kg−1 in 2009, 2010, 2011, 2012, and 
2013, respectively. The TN contents decreased with increasing depth. The TN content was 
significantly influenced by year at the 0- to 5-cm and 60- to 100-cm depths. For example, 
significantly higher mean values were observed under the high and medium N rates at the 0- 
to 5-cm depth in 2013 (2.45 and 2.40 g kg−1, respectively) than 2009 (2.39 and 2.35 g kg−1, 
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respectively). At the 60- to 100-cm depth, however, lower mean values were observed under 
the high and medium N rates in 2013 (0.41 and 0.52 g kg−1, respectively) than 2009 (0.60 
and 0.71 g kg−1, respectively). 
3.3.4. Soil Bulk Density 
The data on soil ρb for all the treatments at the five depths in 2009 and 2013 are 
presented in Fig. 3.1. The N rate did not significantly influence the ρb at all five depths in 
2009 and 2013. Especially, the changes of mean ρb under the three N rates were very 
minimal in 2013. The position, however, significantly influenced the contents at all five 
depths in 2009 and 2013. The ρb value was lower at the footslope than the backslope, which 
was lower than the shoulder for the five depths in 2009 and 2013. For instance, in the 0- to 
5-cm depth, the mean ρb values at the footslope were 24 and 13% lower in 2009 and 2013, 
respectively, compared with the shoulder, and 22 and 8.7% lower compared with the 
backslope position. Mean ρb values at the positions and all five depths varied in the range of 
1.02 to 1.57 and 1.15 to 1.56 Mg m−3 in 2009 and 2013, respectively. The ρb values 
increased with increased soil depth. The ρb values were significantly influenced by year 
under the high and medium N rates at the shoulder and backslope only for the 5- to 15-cm 
depth, and higher values were observed in 2013 (1.26, 1.29, 1.37, and 1.31 Mg m-3, 
respectively) than 2009 (1.15, 1.18, 1.26, and 1.20 Mg m-3, respectively). 
3.3.5. Soil Organic Carbon Stock 
Data on SOC stock under different treatments at the five depths in 2009 and 2013 
are presented in Fig. 3.2. The N rate did not significantly influence the SOC stock at all five 
depths in 2009 and 2013. The position, however, significantly influenced the stock at all five 
depths in 2009 and 2013 except at the 0- to 5-cm depth in 2009 and 60- to 100-cm depth in 
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2013. The SOC stock was higher at the footslope than the backslope, which was higher than 
the shoulder for the five depths in 2009 and 2013 except at the 0- to 5-cm depth in 2009. For 
instance, in the 5- to 15-cm depth, the SOC stock means at the footslope were 50 and 15% 
higher in 2009 and 2013, respectively, compared with the shoulder, and 29 and 20% higher 
compared with the backslope position. The SOC stock means at the footslope were 100 and 
55% higher in 2009 and 2013, respectively, compared with the shoulder, and 33 and 46% 
higher compared with the backslope position in the 15- to 30-cm depth. SOC stock means at 
the positions and all five depths varied in the range of 13.6 to 71.3 and 15.2 to 68.7 Mg ha−1 
in 2009 and 2013, respectively. The SOC stock means increased as the depth increased up to 
the 60-cm depth. The SOC stock was significantly influenced by year under the high and 
medium N rates and the footslope for the 0- to 5-cm depth only, and higher mean values 
were observed in 2013 (17.5, 17.3, and 19.5 Mg ha-1, respectively) than 2009 (15.2, 13.5, 
and 15.3 Mg ha-1, respectively). 
3.3.6. Soil Phosphorus 
The mean P concentrations (mg kg−1) for the three N rates and positions for the five 
depths from 2009 to 2013 are presented in Table 3.4a and 3.4b. The N rate did not 
significantly influence the P contents at all five depths from 2009 to 2013. The position 
significantly impacted the contents at all five depths in 2009, 2011, 2012, and 2013 except 
for the 60- to 100-cm depth (generally, the mean P content at footslope > backslope > 
shoulder for all five depths in the four years). However, the position did not significantly 
impact the contents in 2010 at the five depths except for the 0- to 5-cm depth (in general, the 
mean P content at footslope > shoulder > backslope for all five depths in 2010). In the 0- to 
5-cm depth, for instance, the mean P contents at the footslope were 255, 11, 24, 29, and 35% 
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higher from 2009 to 2013, respectively, compared with the shoulder, and 154, 14, 81, 26, 
and 31% higher compared with the backslope position. The mean P contents at the different 
positions and all five depths varied in the range of 1.33 to 33.4, 4.89 to 5.80, 3.28 to 6.12, 
0.86 to 1.20, and 0.72 to 1.05 mg kg−1 in 2009, 2010, 2011, 2012, and 2013, respectively. 
The P content was significantly influenced by year under all the three N rates and the 
positions at all five depths in the observed years. In general, the mean P contents noticeably 
decreased over the years. For example, at the 0- to 5-cm depth, higher values were observed 
under the high, medium, and low N rates in 2009 (17.00, 17.18, and 19.08 mg m-3, 
respectively) than 2010 (5.48, 5.13, and 5.48 mg m-3, respectively), 2011 (4.82, 4.74, and 
4.90 mg m-3, respectively), 2012 (1.04, 1.02, and 1.02 mg m-3, respectively), and 2013 (0.90, 
0.85, and 0.88 mg m-3, respectively). 
 
3.4. Discussion 
3.4.1. Impacts of N Rate on Soil Properties 
 The findings from this study showed that the N rate did not significantly impact 
the pH, SOC, TN, ρb, SOC stock, and P in the switchgrass fields for all five depths from 
2009 to 2013. Some studies have reported that there were not significant differences in 
SOC, C stock (storage), TN, ρb, aggregate stability, and pH among different fertilization 
rates (Jung and Lal, 2011; Kibet et al., 2016; Lu et al., 2011). In Nebraska, Follett et al. 
(2012) observed that the N fertilization rate positively impacted the SOC in a 9-yr 
switchgrass field. The lack of differences in SOC among N, P, and K fertilization rates is 
likely due to no differences in root biomass amount according to Kibet et al. (2016). 
However, at this study site, no differences in SOC and other soil properties among N 
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fertilization rates are likely due to the fact that most N fertilizer applied in the switchgrass 
field was taken up by switchgrass based on the fact that the switchgrass yield under high 
and medium N rates was significantly higher than under low N rate (Lai et al., 2016). 
Another possible reason could be that water erosion, which is inevitable for the fields 
with the slope at this study site, disturbed or mixed the effects of N rate on the soil 
properties across the 12 plots. However, there were some pattern changes in these soil 
properties as the N rate increased. The mean pH under medium N rate was generally 
higher than the high and low N rates at all five depths up to 60-cm depth (data not 
shown). This indicated that the medium N rate increased the soil alkalinity. This differs 
from the results of the previous study which reported that the pH per unit of N application 
decreased as the N rate increased (Geisseler and Scow, 2014). In fields, there are two 
possible ways to influence soil pH: (i) the acidifying effect of N fertilization and (ii) 
alkalinity generated by the assimilation of nitrate-N and sulfate-S to their organic forms 
from plant roots (Barak et al., 1997). Therefore, the finding in this study could partially 
attribute to the difference between them. For instance, under the medium N rate, the 
alkalinity from the switchgrass deep-root systems could be higher than the acidifying 
effect of N fertilization, thereby the pH value was higher under the medium N rate than 
that of the low N rate. Under the high N rate, however, the more acidifying effect of N 
fertilization could result in a lower pH value. This indicated that the growing switchgrass 
could balance the acidifying effect of the N fertilization on soils. 
 The mean SOC under the low N rate was higher than under the high N rate, which 
was greater than under the medium N rate for each year at the 0- to 5-cm depth from 
2009 to 2012 (Table 3.2a). This finding differs from some previous results that showed 
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that the fertilizer additions can increase SOC (Blanco-Canqui, 2010; Schmer et al., 2011). 
The possible reason for this observation in this study could majorly be that the erosion 
resulting from the switchgrass land with slope can disturb and redistribute SOC. While 
water erosion occurs, the SOC in loose surface soils is shifted first (Polyakov and Lal, 
2004), and then the sediment is repeatedly removed, resulting in mixing of the topsoil and 
subsoil, reducing the SOC concentration in the soils (Martínez-Mena et al., 2012). This 
could level even lower than in the undisturbed initial soil under the low N rate (Zhang et 
al., 2013). However, the distribution was limited in the switchgrass because of no 
significant effect of N rate on the SOC. In 2013, therefore, the mean SOC content under 
the high and medium N rates was higher than under the low N rate at the 0- to 5- and 5- 
to 15-cm depths (Table 3.2a). The mean TN increased at the 0- to 5-cm depth as the N 
rate increased from 2010 to 2013 (Table 3.3a and 3.3b). This observation was in accord 
with those reported previously (McCarty et al., 1995). This is mainly because the higher 
N rate directly added the N into topsoil. This indicated that the N fertilization can 
contribute to improving the soil property in surface depth. 
 The changes in ρb under the three N rates were very minimal in 2013 (Fig. 3.1). 
This indicated that the soil compactions under the three N rates are almost the same. This 
observation differs from the previous finding that showed that the ρb significantly 
decreased as the N rate increased at the 0- to 5-cm depth in a barley-corn rotation system 
in Colorado (Halvorson et al., 1999). This was likely attributed to the increased deep root 
systems and root biomass of switchgrass. The permanent surface cover (resulted from 
switchgrass and no-till practice) and the extended roots can provide resilience against 
both external and internal forces that compact soils (Clark et al., 1998). Soils under 
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switchgrass have more continuous macropores created by the elongated and prolonged 
root channels (Blanco-Canqui, 2010). The high-biomass and deep roots can also reduce 
the soil’s susceptibility to compaction due to an increase of soil organic matter (Thomas 
et al., 1996). These can offset the effect of N rate on the ρb, resulting in similar ρb under 
the three N rates and stabilizing the soils.  
3.4.2. Landscape Position Impacts on Soil Properties 
The findings from this study showed that, in general, the landscape position 
significantly impacted the soil pH, SOC, TN, ρb, SOC stock, and P for all five depths 
from 2009 to 2013. The SOC, TN, SOC stock, and P contents at the footslope, generally, 
were significantly higher than at the backslope and shoulder (backslope > shoulder), and 
the ρb at the footslope were significantly lower than the backslope and shoulder 
(backslope < shoulder) (Table 3.2 to 3.4 and 3.6 and Fig. 3.1 and 3.2). The observations 
are in accord with some previous studies (Guzman and Al-Kaisi, 2011; Khan et al., 2013; 
Ofori et al., 2013). This could be attributed to the effects of past erosion and long-term 
soil development (Mbonimpa et al., 2015). The topography can powerfully result in both 
soil erosion and change the SOM distribution (Guzman and Al-Kaisi, 2011). The 
shoulder and backslope positions are generally eroded while the depositions take place at 
the footslope position (McCarty and Ritchie, 2002), where the soil nutrients are normally 
accumulated (Papiernik et al., 2007). Therefore, the SOC, TN, and P contents are usually 
higher at the footslope position than the upper positions. This results in an increase of 
root biomass and soil aggregation at the footslope and degrades the soils at the shoulder 
and backslope positions. The increases in soil organic matter, soil structure, and root 
biomass at the footslope can majorly contribute to decreases in ρb (Guzman and Al-Kaisi, 
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2011). Because the increase of SOC from the footslope to the shoulder was much greater 
than the decrease of ρb (Table 3.2 and Fig. 3.1), the SOC stock was higher at the footslope 
than at the shoulder and backslope based on equation (1).  
The pH at the footslope was significantly lower than the backslope and shoulder 
(backslope < shoulder) for all depths and in the observed years in this study (data not 
shown). This observation differs from the study reported by Khan et al. (2013) who found 
that the pH at the footslope was higher than the backslope and shoulder due to the 
accumulation of soluble cations (e.g., Na+ and Ca2+) at the footslope in Ghana (Khan et 
al., 2013). Guzman and Al-Kaisi (2011), however, reported that the pH value was slightly 
lower at the footslope than the upper slopes at the site of prairie with the native remnant 
in Iowa (Guzman and Al-Kaisi, 2011). Possible reason for the observation in this study is 
that the accumulation of N fertilization at the footslope due to water erosion enhanced the 
acidifying effect of N fertilization at the footslope.           
3.4.3. Time Effects on Soil Properties 
The findings from this study showed that the year significantly impacted the pH, 
SOC, TN, P, SOC stock, and ρb at different depths (Table 3.1 to 3.5 and Fig. 3.1 and 3.2). 
The year effect on soil pH was significant at each depth, and the pH had a downtrend 
curve over five years. The trend of pH value over five years was closer to 7. This 
indicated that soil alkalinity was improved over five years. The effects of three interactions 
associated with the year (N rate × year, position × year, and N rate × position × year) on pH 
were not significant (Table 3.5). This signified that the effects of N rate and position on 
pH did not vary with different years. The year effect on pH could be explained by both 
the climate factors and the growing switchgrass. Temperature and precipitation affect the 
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intensity of leaching and the weathering of soil minerals. The humid continental climate 
at this study site could result in a decrease in soil pH over time through acidification due 
to leaching or infiltrating from the high amounts of precipitation. When precipitation 
percolates through the soils, it can leach basic cations such as Ca2+ and Mg2+ and replace 
them with acid-forming cations such as H+, Al3+, and Fe2+ (Tsegaye et al., 2006), making 
the soils acidic over the years. Moreover, the deep and extensive roots of switchgrass can 
facilitate the process of infiltration because the roots can penetrate consolidated and 
compacted soil matrix layers and change the pore structure, increasing water infiltration 
(Blanco-Canqui, 2010; Katsvairo et al., 2007).  
The SOC was significantly impacted by year for the 0- to 5-cm depth only under the 
high and medium N rates, and had general uptrend over the years (the SOC in 2013 was 
significantly higher than in 2009 and 2012 at the 0- to 5-cm depth) (Table 3.2a). This 
indicated the soil property in the switchgrass fields was improved over time. Like the pH, 
the effects of three interactions N rate × year, position × year, and N rate × position × year 
on SOC were not significant (Table 3.5). This indicated that the effects of N rate and 
position on SOC did not vary with different years. The year effect on SOC could also be 
attributed to the growing switchgrass and climate factors. Switchgrass is a perennial plant 
that can regrowth to provide annual dieback and extensive fibrous root systems, which can 
contribute organic matter to soils. The soils with low initial SOC concentration may have 
more potential to accumulate SOC under the perennial energy crops (Kibet et al., 2016). The 
proper fertilization can enhance the plant growth including boosts root and top growth, thus 
the N fertilization can help to increase or maintain the content of SOC (NRCS, 2014). No 
disturbance at this study site could also increase or maintain the SOC content. The results 
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showed that the mean SOC in 2012 was lower among the other observed years which could 
be mainly because of drought and high temperature in 2012 (Lai et al., 2016) that can reduce 
SOC content (Jobbágy and Jackson, 2000).  
The TN was significantly impacted by year only for the 0- to 5-cm depth under the 
high and medium N rates at the shoulder and footslope positions and had general uptrend 
over the years (Table 3.3a). This also indicated that the soil property was improved over the 
years. The effects of three interactions N rate × year, position × year, and N rate × position × 
year on TN were not significant (Table 3.5). This suggested that the effects of N rate and 
position on TN did not vary with different years. The effect of year on TN in this study 
could be attributed to the same reasons for explaining the year effect on the SOC. 
Furthermore, the year effect on TN at the footslope for the surface depth could be attributed 
to water erosion that resulted in the depositions of soils at the footslope position (McCarty 
and Ritchie, 2002), where the soil nutrients are mostly accumulated (Papiernik et al., 
2007) over five years. However, at the 60- to 100-cm depth, the TN was significantly 
impacted by year and had a trend of decrease over the years (Table 3.3b). This could be 
attributed to increasing in soil leaching in the deeper depths over the years.  
The ρb in 2013 was significantly higher than in 2009 only in the 5- to 15-cm depth 
(Fig. 3.1). The finding differs from the study reported by Schmer et al. (2011) who found a 
decrease in soil bulk density in near-surface depths at some sites in North Dakota and South 
Dakota (Schmer et al., 2011). The finding from this study could mainly be attributed to the 
reduction of soil porosity at the second depth because the soil pores could be filled by the 
eroded soil particles, increasing the soil bulk density. No significant effect of year on the ρb 
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at the other four depths suggested that the soil compact and porosity stabilized over the 
five years of continuous switchgrass. 
The year significantly impacted the SOC stock under the high and medium N 
rates and the footslope for the 0- to 5-cm depth at which the SOC stock was significantly 
higher in 2013 than in 2009 (Fig. 3.2). This indicated that the fields significantly 
increased C sequestration through the five years of continuous switchgrass. This is in 
accord with the previous study that reported that the year effects were significant and the 
soil organic carbon in the 0- to 0.9-m depth increased from 1999 to 2002 (Frank et al., 
2004). This is majorly due to the deep and dense root system of switchgrass that can 
enhance translocation of SOC to deeper layers and reduce decomposition of SOC, 
promoting SOC sequestration over the years (Blanco-Canqui, 2010).  
The soil P was significantly affected by year at all five depths and had a trend of 
decrease over the years (Table 3.4a and 3.4b). The effects of the N rate × year and N rate × 
position × year on the P were not significant, but the effect of the position × year on the P 
was significant (Table 3.5), which signified that landscape position effect on the P varied 
with the years. In this study, the observations were attributed to not only the growing 
switchgrass and climate factors but also to the landscape position. The P in soils has the 
unique properties containing low solubility, low mobility, and high fixation by the soil 
matrix (Hansen et al., 2004). Therefore, it is difficult for the P to be transformed from the 
surface depth to deep depths by precipitation through infiltration. The P at the shoulder and 
backslope could be reduced through the water erosion over years, but the water erosion 
cannot explain the reduction of the P over years at the footslope, where the P should be 
accumulated due to water erosion. Furthermore, the P can be easily depleted in the 
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rhizosphere by root uptake, and the P dynamics in the rhizosphere are mainly controlled by 
plant root growth and function (Neumann and Römheld, 2002; Shen et al., 2011). Thus, the 
switchgrass can deplete P in the soil over years. Furthermore, we speculated that the climate 
factors and landscape position could indirectly influence the P dynamics in soils through 
impacting the growth of switchgrass. The effect of P dynamics on the soils should be further 
evaluated in the future study.  
 
3.5. Conclusions 
In this study, the changes of the soil pH, SOC, TN, ρb, SOC stock, and P under 
the three N rates were relatively small. The soil properties were not significantly 
impacted by the N rate for all five depths from 2009 to 2013 but displayed different 
pattern with increasing N rate. The effects of landscape position on the soil properties 
were significant. They showed obvious pattern among the three positions, namely, the 
SOC, TN, SOC stock, and P contents at the footslope, generally, were significantly 
higher than at backslope and shoulder, and the soil pH and ρb values at the footslope were 
significantly lower than the backslope and shoulder. The time (year) significantly 
affected these properties at some sampling depths. The pH data showed a downtrend 
curve over five years. The SOC and TN at the 0- to 5-cm depth had an increasing trend 
over the five years. After five years of continuous switchgrass, the absolute changes of ρb 
under the three N rates were very minimal. The SOC stocks under the high and medium 
N rates and the footslope in 2013 were significantly higher than in 2009 for the 0- to 5-
cm depth. The soil P followed a decreased trend over the years. Some soil properties 
were improved over the five-year period mainly because the growing switchgrass can 
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improve or stabilize the soil properties at this study site. It can be concluded from this 
study that N fertilization does not impact on the soil properties. The footslope position 
can be beneficial for the soil properties and the environment by sequestering more SOC 
than shoulder and backslope. Data from this study revealed that switchgrass can be used 
as a sustainable energy crop to improve or maintain the soil properties of marginally 
yielding croplands in South Dakota. However, it is not sufficient to evaluate the impact of 
the growing switchgrass on soils. Future work, therefore, is needed to further evaluate the 
impacts of the growing switchgrass on the environment that include greenhouse gas and 
water quality monitoring, and a complete life cycle assessment. 
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Table 3.1. Type III tests of fixed effects (P>F) from the mixed model analysis of variance 
(ANOVA) for soil pH under switchgrass managed with high, medium, and low N rates at 
shoulder, backslope, and footslope positions for the 0- to 5-cm, 5- to 15-cm, 15- to 30-cm, 
30- to 60-cm, and 60- to 100-cm depths from 2009 to 2013. 
 
Treatments 
pH 
2009 2010 2011 2012† 2013 
 0-5-cm depth 
N Rate  0.2 0.84 0.83 - 0.77 
Position 0.025 0.23 <0.01 - 0.01 
N Rate × Position 0.76 0.2 0.62 - 0.48 
 5-15-cm depth 
N Rate  0.35 0.79 0.79 0.13 0.35 
Position <0.01 0.02 <0.01 <0.01 <0.01 
N Rate × Position 0.6 0.24 0.61 0.42 0.15 
 15-30-cm depth 
N Rate  0.21 0.69 0.87 0.92 0.22 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.84 0.31 0.73 0.87 0.4 
 30-60-cm depth 
N Rate  0.06 0.5 0.71 0.33 0.46 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.76 0.35 0.74 0.51 0.66 
 60-100-cm depth 
N Rate  0.44 0.71 0.92 0.83 0.63 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.35 0.96 0.99 0.74 0.91 
†The pH values at the 0- to 5-cm depth in 2012 were not recorded. Note that the type 
III tests of fixed effects (P>F) of the year from analysis of variance (ANOVA) based 
on another mixed model showed that all P values under the three N rate and positions 
and at all five depths were less than 0.05, but the treatment interaction effects on pH 
were not significant.  
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Table 3.2a. Mean soil organic carbon (SOC) for the 0- to 5- and 5- to 15-cm depths from 
2009 to 2013 under switchgrass managed with high, medium, and low N rates at shoulder, 
backslope, and footslope positions. 
 
Treatments 
SOC 
2009 2010 2011 2012 2013 
------------------------- g kg-1 ------------------------ 
 0-5-cm depth 
N Rate       
  High 24.5aB† 26.1aAB 25.6aAB 23.8aB 28.3aA 
  Medium 23.1aB 24.4aAB 24.4aAB 23.2aB 27.9aA 
  Low 26.1aA 27.5aA 27.2aA 25.3aA 26.6aA 
Position      
  Shoulder 20.1bA 22.2bA 21.9bA 20.6bA 23.2bA 
  Backslope 23.4bA 23.2bA 22.9bA 22.0bA 25.3bA 
  Footslope 30.2aA 32.6aA 32.3aA 29.9aA 33.6aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.34 0.31 0.3 0.74 0.46 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.85 0.38 0.51 0.82 0.51 
 5-15-cm depth 
N Rate       
  High 21.8aA 22.4aA 22.0aA 20.4aA 21.9aA 
  Medium 21.2aA 20.5aA 21.9aA 24.5aA 21.8aA 
  Low 22.5aA 21.7aA 23.2aA 22.7aA 21.6aA 
Position      
  Shoulder 16.1cA 16.4bA 17.5cA 20.0bA 18.0bA 
  Backslope 22.1bA 20.4bA 21.9bA 21.0abA 20.2bA 
  Footslope 27.2aA 27.9aA 27.4aA 25.8aA 27.1aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.76 0.71 0.43 0.23 0.98 
Position <0.01 <0.01 <0.01 0.04 <.01 
N Rate × Position 0.42 0.35 <0.01 0.84 0.14 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate, whereas, means within the same 
row followed by different capital letters are significantly different at P<0.05 for the year. 
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Table 3.2b. Mean soil organic carbon (SOC) for the 15- to 30-, 30- to 60-, and 60- to 100-
cm depths from 2009 to 2013 under switchgrass managed with high, medium, and low N 
rates at shoulder, backslope, and footslope positions. 
 
Treatments 
SOC 
2009 2010 2011 2012 2013 
------------------------- g kg-1 ------------------------ 
 15-30-cm depth 
N Rate       
  High 18.2aA† 17.6aA 18.5aA 16.0aA 17.6aA 
  Medium 19.2aA 19.6aA 20.9aA 13.5aA 18.6aA 
  Low 18.0aA 17.0aA 19.8aA 15.9aA 18.0aA 
Position      
  Shoulder 11.3cA 10.3cA 11.3cA 11.0bA 13.6bA 
  Backslope 18.1bA 17.8bA 18.7bA 13.1bA 15.7bA 
  Footslope 26.7aA 25.4aA 28.3aA 23.7aA 25.0aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.85 0.82 0.67 0.57 0.9 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.86 0.73 0.9 0.33 0.62 
 30-60-cm depth 
N Rate       
  High 13.7aA 14.6aA 14.4aA 12.2aA 13.8aA 
  Medium 13.2aA 14.2aA 14.7aA 12.0aA 15.0aA 
  Low 13.9aA 13.1aA 12.1aA 11.6aA 14.0aA 
Position      
  Shoulder 8.11bA 9.31bA 9.42bA 7.48bA 10.2bA 
  Backslope 12.0bA 11.1bA 11.7bA 9.80bA 12.7bA 
  Footslope 20.4aA 21.6aA 20.6aA 17.3aA 19.8aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.9 0.78 0.38 0.94 0.83 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.69 0.96 0.81 0.86 0.92 
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Table 3.2b. Cont’d 
Treatments 
2009 2010 2011 2012 2013 
------------------------- g kg-1 ------------------------ 
  60-100-cm depth 
N Rate       
  High 7.93aA 8.10aA 9.24aA 10.6aA 8.43aA 
  Medium 10.0aA 9.65aA 9.53aA 10.7aA 11.9aA 
  Low 8.82aA 9.36aA 7.15aA 12.6aA 8.93aA 
Position      
  Shoulder 5.64bA 7.22aA 7.37aA 10.2aA 7.21bA 
  Backslope 7.22bA 8.43aA 6.58aA 10.2aA 8.9abA 
  Footslope 13.8aA 11.5aA 12.9aA 13.5aA 13.1aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.59 0.82 0.44 0.5 0.14 
Position <0.01 0.27 0.08 0.18 <0.01 
N Rate × Position 0.6 0.24 0.57 0.31 0.35 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate, whereas, means within the same 
row followed by different capital letters are significantly different at P<0.05 for the year. 
 
 
 
 
 
 
 
 
 
 
 
66 
 
 
 
Table 3.3a. Mean soil total nitrogen (TN) for the 0- to 5- and 5- to 15-cm depths from 2009 
to 2013 under switchgrass managed with high, medium, and low N rates at shoulder, 
backslope, and footslope positions. 
 
Treatments 
TN 
2009 2010 2011 2012 2013 
------------------------- g kg-1 ----------------------- 
 0-5-cm depth 
N Rate       
  High 1.97aB† 2.39aA 2.23aB 2.53aA 2.45aA 
  Medium 1.94aB 2.35aA 2.23aAB 2.23aAB 2.40aA 
  Low 2.15aA 2.31aA 2.11aA 2.32aA 2.27aA 
Position      
  Shoulder 1.62bB 2.04bA 1.96bAB 2.08bA 1.99bA 
  Backslope 1.97bA 2.19bA 2.08bA 2.14bA 2.15bA 
  Footslope 2.47aB 2.82aA 2.52aB 2.86aA 2.98aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.42 0.83 0.66 0.22 0.6 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.84 0.36 0.84 0.2 0.65 
 5-15-cm depth 
N Rate       
  High 1.86aA 1.87aA 1.78aA 1.90aA 1.89aA 
  Medium 1.75aA 1.97aA 1.94aA 1.85aA 1.86aA 
  Low 1.90aA 1.94aA 1.78aA 1.97aA 1.86aA 
Position      
  Shoulder 1.37cA 1.64bA 1.55bA 1.56bA 1.45bA 
  Backslope 1.84bA 1.79bA 1.84abA 1.75bA 1.73bA 
  Footslope 2.29aA 2.35aA 2.11aA 2.41aA 2.43aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.69 0.74 0.53 0.76 0.99 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.62 0.49 0.75 0.63 0.41 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate, whereas, means within the same 
row followed by different capital letters are significantly different at P<0.05 for the 
year. 
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Table 3.3b. Mean soil total nitrogen (TN) for the 15- to 30-, 30- to 60-, and 60- to 100-cm 
depths from 2009 to 2013 under switchgrass managed with high, medium, and low N rates 
at shoulder, backslope, and footslope positions. 
 
Treatments 
TN 
2009 2010 2011 2012 2013 
------------------------- g kg-1 ----------------------- 
 15-30-cm depth 
N Rate       
  High 1.37aA† 1.45aA 1.45aA 1.38aA 1.38aA 
  Medium 1.48aA 1.55aA 1.56aA 1.58aA 1.44aA 
  Low 1.46aA 1.42aA 1.54aA 1.61aA 1.37aA 
Position      
  Shoulder 0.73bA 0.97bA 1.03bA 0.93cA 0.76bA 
  Backslope 1.60aA 1.26bA 1.24bA 1.29bA 1.22bA 
  Footslope 1.99aA 2.18aA 2.27aA 2.34aA 2.21aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.86 0.76 0.66 0.4 0.95 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.44 0.83 0.94 0.65 0.72 
 30-60-cm depth 
N Rate       
  High 0.86aA 1.01aA 0.93aA 0.89aA 0.85aA 
  Medium 0.96aA 1.10aA 1.05aA 0.90aA 0.90aA 
  Low 0.97aA 1.01aA 0.92aA 0.99aA 0.88aA 
Position      
  Shoulder 0.50cA 0.56bA 0.52bA 0.40bA 0.32bA 
  Backslope 0.93bA 0.80bA 0.70bA 0.66bA 0.56bA 
  Footslope 1.36aA 1.76aA 1.68aA 1.72aA 1.70aA 
 Type III Tests of Fixed Effects P>F 
N Rate  0.77 0.84 0.62 0.86 0.99 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.36 0.89 0.72 0.97 0.99 
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Table 3.3b. Cont’d 
 
Treatments 
2009 2010 2011 2012 2013 
------------------------- g kg-1 ------------------------ 
 60-100-cm depth 
N Rate       
  High 0.60aA 0.69aA 0.59aA 0.41aA 0.41aA 
  Medium 0.71aAB 0.85aA 0.68aAB 0.50aB 0.52aB 
  Low 0.62aA 0.66aA 0.63aA 0.41aA 0.34aA 
Position      
  Shoulder 0.41bAB 0.48bA 0.38bAB 0.10bB 0.10bB 
  Backslope 0.58bA 0.54bA 0.42bAB 0.20bB 0.26bB 
  Footslope 0.94aAB 1.18aA 1.09aAB 1.03aAB 0.88aB 
 Type III Tests of Fixed Effects P>F 
N Rate  0.75 0.54 0.85 0.87 0.68 
Position <0.01 <0.01 <0.01 <0.01 <0.01 
N Rate × Position 0.29 0.61 0.85 0.81 0.44 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate, whereas, means within the same 
row followed by different capital letters are significantly different at P<0.05 for the 
year. 
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Table 3.4a. Mean soil phosphorus (P) for the 0- to 5- and 5- to 15-cm depths from 2009 to 
2013 under switchgrass managed with high, medium, and low N rates at shoulder, 
backslope, and footslope positions. 
 
Treatments 
P 
2009 2010 2011 2012 2013 
---------------------- mg kg-1 ---------------------- 
 0-5-cm depth 
N Rate       
  High 17.00aA† 5.48aB 4.82aB 1.04aC 0.90aC 
  Medium 17.18aA 5.13aB 4.74aB 1.02aC 0.85aC 
  Low 19.08aA 5.48aB 4.90aB 1.02aC 0.88aC 
Position      
  Shoulder 9.42bA 5.21abB 4.95bB 0.93bC 0.78bC 
  Backslope 13.17bA 5.09bB 3.39cB 0.95bC 0.80bC 
  Footslope 33.40aA 5.80aB 6.12aB 1.20aC 1.05aC 
 Type III Tests of Fixed Effects P>F 
N Rate  0.96 0.38 0.43 0.61 0.24 
Position <0.01 0.04 <0.01 <0.01 <0.01 
N Rate × 
Position 
0.98 0.96 0.09 0.91 0.46 
 5-15-cm depth 
N Rate       
  High 9.00aA 5.30aB 4.63aB 0.94aC 0.81aC 
  Medium 12.4aA 4.99aB 4.60aB 0.94aC 0.81aC 
  Low 10.7aA 5.33aB 4.54aB 0.97aC 0.81aC 
Position      
  Shoulder 3.42bAB 5.12aA 4.88bA 0.88bB 0.74bB 
  Backslope 8.25bA 4.99aB 3.28cBC 0.90bC 0.74bC 
  Footslope 20.4aA 5.51aB 5.61aB 1.08aC 0.94aC 
 Type III Tests of Fixed Effects P>F 
N Rate  0.58 0.44 0.71 0.57 0.99 
Position <0.01 0.19 <0.01 <0.01 <0.01 
N Rate × 
Position 
0.84 0.89 0.61 0.8 0.99 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate, whereas, means within the same 
row followed by different capital letters are significantly different at P<0.05 for the 
year.
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Table 3.4b. Mean soil phosphorus (P) for the 15- to 30-, 30- to 60-, and 60- to 100-cm 
depths from 2009 to 2013 under switchgrass managed with high, medium, and low N rates 
at shoulder, backslope, and footslope positions. 
 
Treatments 
P 
2009 2010 2011 2012 2013 
---------------------- mg kg-1 ---------------------- 
 15-30-cm depth 
N Rate       
  High 5.82aA† 5.27aA 4.46aA 0.89aB 0.78aB 
  Medium 5.58aA 4.85aA 4.49aA 0.89aB 0.76aB 
  Low 5.00aA 5.17aA 4.42aA 0.90aB 0.77aB 
Position      
  Shoulder 1.58bB 5.03aA 4.84bA 0.86bB 0.72bB 
  Backslope 4.92bA 4.89aA 3.32cA 0.86bB 0.73bB 
  Footslope 10.3aA 5.37aB 5.21aB 0.97aC 0.85aC 
 Type III Tests of Fixed Effects P>F 
N Rate  0.89 0.35 0.77 0.79 0.84 
Position <0.01 0.26 <0.01 <0.01 <0.01 
N Rate × Position 0.56 0.93 0.88 0.93 0.96 
 30-60-cm depth 
N Rate       
  High 2.75aB 5.22aA 4.79aA 0.87aB 0.75aB 
  Medium 5.25aA 4.88aA 4.85aA 0.89aB 0.76aB 
  Low 3.75aA 5.16aA 4.80aA 0.89aB 0.74aB 
Position      
  Shoulder 1.17bB 5.06aA 4.34bA 0.86bB 0.72bB 
  Backslope 3.17abA 4.91aA 5.01aA 0.86bB 0.73abB 
  Footslope 7.42aA 5.29aB 5.09aB 0.95aC 0.8aC 
 Type III Tests of Fixed Effects P>F 
N Rate  0.56 0.43 0.72 0.78 0.82 
Position 0.04 0.4 <0.01 <0.01 0.03 
N Rate × Position 0.24 0.91 0.93 0.91 0.96 
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Table 3.4b. Cont’d 
 
Treatments 
2009 2010 2011 2012 2013 
--------------------- mg kg-1 --------------------- 
  60-100-cm depth 
N Rate       
  High 1.50aBC 5.16aA 4.72aA 0.86aC 0.73aC 
  Medium 4.00aA 4.91aA 4.78aA 0.88aB 0.75aB 
  Low 2.42aB 5.15aA 4.72aA 0.87aC 0.73aC 
Position      
  Shoulder 1.33bB 5.08aA 4.33bA 0.86bB 0.73aB 
  Backslope 1.33bB 4.90aA 4.96aA 0.86bB 0.72aB 
  Footslope 5.25aA 5.24aA 4.94aA 0.90aB 0.76aB 
 Type III Tests of Fixed Effects P>F 
N Rate  0.26 0.63 0.52 0.65 0.59 
Position 0.02 0.51 <0.01 0.03 0.13 
N Rate × Position 0.24 0.96 0.5 0.9 0.71 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate, whereas, means within the same 
row followed by different capital letters are significantly different at P<0.05 for the 
year. 
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Table 3.5. Type III tests of fixed effects (P>F) of the year on soil pH, soil organic carbon 
(SOC), total nitrogen (TN), bulk density (ρb), and phosphorus (P) at each depth from the 
mixed model analysis of variance (ANOVA) under N rate and at landscape position. 
 
Depth Effect pH† SOC† TN† ρb
† P‡ SOC Stock† 
cm   g kg-1 g kg-1 Mg m-3 mg kg-1 Mg ha-1 
0-5 year <0.0001 0.027 <0.0001 0.31 <0.0001 0.0016 
5-15 year <0.0001 0.95 0.66 0.0001 <0.0001 0.062 
15-30 year <0.0001 0.1 0.68 0.35 <0.0001 0.68 
30-60 year <0.0001 0.14 0.38 0.66 <0.0001 0.3 
60-100 year <0.0001 0.12 <0.0001 0.79 <0.0001 0.18 
†Effects of three interactions associated with the year (N rate × year, position × year, and N rate 
× position × year) on pH, SOC, TN, and ρb were not significant (P>0.05). 
‡Effect of position × year on P was significant at each depth (P<0.05). Effects of N rate × year 
and N rate × position × year on P were not significant at each depth (P>0.05). 
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Table 3.6. Mean SOC stock for the 0- to 60-cm depth in 2009 and 2013 under switchgrass 
managed with high, medium, and low N rates at shoulder, backslope, and footslope 
positions. 
 
Treatments 
SOC Stock 
2009 2013 
--------- Mg ha-1 --------- 
N Rate    
  High 131.8aA† 132.2aA 
  Medium 120.9aA 136.3aA 
  Low 133.3aA 129.7aA 
Position   
  Shoulder 92.5cA 111.4bA 
  Backslope 125.8bA 123.2bA 
  Footslope 161.8aA 162.5aA 
 Fixed Effects P>F 
N Rate  0.61 0.71 
Position <0.01 <0.01 
N Rate × Position 0.99 0.67 
† Means within the same column followed by 
different small letters are significantly different at 
P<0.05 for landscape position and N rate, whereas, 
means within the same row followed by different 
capital letters are significantly different at P<0.05 for 
the year. 
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Fig. 3.1. Mean soil bulk density (ρb) for the 0- to 5-, 5- to 15-, 15- to 30-, 30- to 60-, and 60- 
to 100-cm depths in 2009 and 2013 under switchgrass managed with high, medium, and low 
N rates at shoulder, backslope, and footslope positions. Note that the type III tests of fixed 
effects (P>F) of the year from another mixed model analysis of variance (ANOVA) showed 
that P values under high and medium N rates and shoulder and backslope for the 5- to 15-
cm depth were less than 0.05. The P values for other treatments at other depths were greater 
than 0.05. Means within the same column followed by different small letters are 
significantly different at P<0.05 for landscape position and N rate.
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Fig. 3.2. Mean SOC stock for the 0- to 5-, 5- to 15-, 15- to 30-, 30- to 60-, and 60- to 100-
cm depths in 2009 and 2013 under switchgrass managed with high, medium, and low N 
rates at shoulder, backslope, and footslope positions. Note that the type III tests of fixed 
effects (P>F) of the year from another mixed model analysis of variance (ANOVA) showed 
that P values under high and medium N rates and footslope for the 0- to 5-cm depth were 
less than 0.05. The P values for other treatments at other depths were greater than 0.05. 
Means within the same column followed by different small letters are significantly different 
at P<0.05 for landscape position and N rate. 
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CHAPTER 4 
NITROGEN FERTILIZATION RATE AND LANDSCAPE 
POSITION INFLUENCES ON DISSOLVED ORGANIC CARBON 
IN SWITCHGRASS FIELDS 
ABSTRACT 
Dissolved organic carbon (DOC) leaching into soils is another mechanism of net carbon 
(C) loss. The DOC leaching impacted by soil and crop management practices plays an 
important role in impacting the environment. However, little is known about the impacts 
of landscape positions and N fertilizer rates on DOC leaching in switchgrass (Panicum 
virgatum L.). This experimental design included the three nitrogen (N) fertilizer rates [0 
(low); 56 (medium); 112 (high) kg N ha-1] and the three landscape positions (shoulder, 
backslope and footslope). Daily average DOC contents at the backslope were 
significantly lower than that at the shoulder and footslope. The DOC contents from the 
plots that received the medium N rate were also significantly lower than the plots that 
received the low N rates. The interactions of landscape and N rates on the DOC contents 
were different in every year from 2009 to 2014, however, no significant consistent trend 
of the DOC contents was observed over time. Annual average DOC contents from the 
plots managed with the low N rate were higher than those with the high N rate. These 
contents at the footslope were higher than that at the shoulder position. Data show that 
there is a moderate positive relationship between the total average DOC contents and the 
total average switchgrass biomass yields. Overall, the DOC contents from leachate in the 
switchgrass land were significantly influenced by the landscape positions and N rates. 
The N fertilization reduced DOC leaching contents in the switchgrass field. The 
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switchgrass could retain soil and environment sustainability to some extent. These 
findings will assist in understanding the mechanism of changes in DOC leaching in the 
natural environment and crop management systems. However, the use of long-term data 
might help to better assess the effects of above factors on the DOC leaching contents and 
loss in the switchgrass field in the future.  
 
Keywords: Dissolved organic carbon (DOC), landscape positions, nitrogen management, 
switchgrass 
 
4.1. Introduction 
The loss or gain of net carbon (C) from soil-plant ecosystems in terms of the 
respiration and photosynthesis have been reported by many studies. However, other 
mechanisms of net C loss such as the dissolved organic carbon (DOC) leaching into the 
soils need to be further investigated. Leaching of DOC can affect the carbon stabilization 
in soils (McDowell and Likens, 1988). The DOC is a complex mixture of organic 
compounds and can play an important role in the crop ecosystems. The major roles of 
DOC include the substrate for biological activity, the acidifying and weathering agent, 
the availability and mobility of nutrients and metals, and the source of C in aquatic 
ecosystems (Moore et al., 2008). The DOC leaching in soils is a source of carbon in 
rivers and lakes (Aitkenhead and McDowell, 2000; Chibnall, 2013). Furthermore, the 
DOC leaching from the surface to deeper soil provides a way by which the carbon can be 
absorbed and stored in the vadose zone (Chibnall, 2013). Therefore, it is a potential way 
to sequester carbon (Sanderman and Amundson, 2009). 
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Previous studies have reported the DOC leaching in different plant systems 
including forest soils (Peichl et al., 2007; Sanderman and Amundson, 2009), unmanaged 
grasslands (Don and Schulze, 2008), grazed pasture systems (McTiernan et al., 2001; 
Harrison et al., 2008), and croplands (Royer et al., 2007; Ruark et al., 2009; Xu et al., 
2013). The agricultural management systems impact the timing and magnitude of DOC 
export from soils to rivers or ditches (Hernes et al., 2008; Wilson and Xenopoulos, 2009; 
Wang et al., 2010). Various studies have investigated the role of manure, and/or organic 
residues on chemical, biological, and physical properties of soils including the dynamics 
of DOC or water-extractable organic C (Royer et al., 2007). Some researchers studied the 
effects of irrigation (Xu et al., 2013), tile-drained (Ruark et al., 2009), biochar (Novak et 
al., 2010), soil types (Jones et al., 2014) and depths (Siemens and Kaupenjohann, 2003; 
Chibnall, 2013) on DOC contents. Temperature and hydrological controls (McDowell 
and Likens, 1988; Davidson and Janssens, 2006; Mertens et al., 2007; Don and Schulze, 
2008; Harrison et al., 2008) and nitrogen fertilizer controls (McTiernan et al., 2001) were 
examined in the different systems. However, limited research has been conducted to 
investigate the impacts on DOC contents under switchgrass land which was recently 
converted from marginally yielding cropland. 
Switchgrass is a perennial C4 grass, which is native to North America, and 
successfully and largely adapted to diverse environmental conditions (Lewandowski et 
al., 2003). It can grow on marginally productive cropland and tolerate soil water deficits. 
After switchgrass establishment, the perennial stand can be productive for 10 years or 
more (Sokhansanj et al., 2009). In the U.S., switchgrass was first identified as a 
renewable energy source by the U.S. Department of Energy in 1985 (Parrish and Fike, 
 
 
79 
 
 
 
2005; Wright, 2007). The growing switchgrass can be beneficial for soils, producer 
incomes, and the environment. Novak et al. (2010) conducted the short-term CO2 
mineralization study after additions of biochar into a switchgrass field to monitor the 
DOC contents for two days. Another study was conducted by Nichols et al. (2012) to 
evaluate the impact of in the intercropping of loblolly pine and switchgrass and focused 
on exploring characteristics of the only forest and not switchgrass. However, very little 
information is available on DOC contents in leachate from switchgrass land at landscape 
positions and N fertilizer rates. Therefore, the present study was based on the hypotheses 
that (1) N fertilization in switchgrass land enhances crop growth and roots productivity 
which may impact the DOC leaching contents, (2) switchgrass growth impacted by 
landscape positions which ultimately may impact DOC leaching contents. The specific 
objectives of the study are to: (i) assess the impacts of switchgrass land managed under 
different landscape positions and N rates on DOC contents, and (ii) evaluate the 
relationship between DOC leaching contents, and switchgrass biomass yield and climatic 
parameters.  
 
4.2. Materials and Methods 
4.2.1. Study Area and Experimental Design  
The study area is located at 45°16'24.55"N, 97°50'13.34"W, near Bristol, South 
Dakota, USA. This study was arranged into 12 plots (each plot is 21.3 m wide and 
approximately 365.8 m long), and each plot was comprised of three landscape positions: 
shoulder, backslope, and footslope with 2–20% slope. The switchgrass was planted on 
May 17, 2008. The previous crop grown on these plots was soybean (Glycine max. L.). 
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The plots were laid out in a split-plot design comprised of three N fertilizer rates 
treatments (low, 0 kg N ha-1; medium, 56 kg N ha-1; and high, 112 kg N ha-1) and three 
landscape positions (shoulder, backslope, and footslope). In this manuscript, hereafter, 0 
kg N ha-1 will be referred to as low, 56 kg N ha-1 as medium, and 112 kg N ha-1 as high N 
rate levels. The soils at the site are dominated by loamy soils; Forman (Fine-loamy, 
mixed, frigid Udic Argiborolls), Buse (Fine-loamy, mixed, frigid Udic Calciborolls), 
Aastad (Fine-loamy, mixed, frigid Pachic Udic Haploborolls), and Barnes (Fineloamy, 
mixed, frigid Udic Haploborolls). There are also minor occurrences of Netley (Fine, 
montmorillonitic, frigid Chromic Hapluderts) and Sinai (Fine, montmorillonitic, frigid 
Typic Hapluderts) silty clays. Buse soils are mostly encountered at shoulder landscapes, 
and Aastad at footslopes (Mbonimpa et al., 2015). The selected soil properties for the 
2009-2011 are shown in Table S4.1. 
4.2.2. Data Measurements 
To measure the DOC contents, water samples (leachates) from the unsaturated 
soil was collected using porous stainless steel suction lysimeters installed at 100 cm 
depth and 36 positions in this study site. After installation below ground level, the 
vacuum was applied to the lysimeter through a sealed tubing system from the lysimeter to 
the soil surface using a pump. The pore water collected in the lysimeters was sampled 
using a tube and transferred to collection bottles. The lysimeters were then emptied using 
a pump. The leachates were filtered through 0.45 µm paper and concentration of DOC 
was measured by Shimadzu TOC-Vcsh analyzer using the standard method 5310C (i.e., 
the persulfate-ultraviolet or heated-persulfate oxidation method) within 48 hours of 
sample collection. The samples were collected 2 to 6 times per year from April to 
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November. There are some missing samples because of no leachate at some positions 
resulting from dry weather or others unknown reasons. Table S4.2 shows the number of 
water samples at each of 19 collection times in the 2009 to 2014 period. A total of 313 
samples were collected at this study site during this period. 
Soil sample collection and soil property measurements were described in a 
previous publication (Mbonimpa et al., 2015). Daily minimum and maximum 
temperature from 2011 to 2013 were measured using temperature sensor connected to the 
LI-8100 instrumentation at this study site. The precipitation for 2011-2013 was 
monitored at this study site. The daily maximum and minimum air temperature and 
precipitation from 1985 to 2010 and 2014 were retrieved from the nearest weather station 
in Webster, SD (25 kilometers). Precipitation (2003-2010 and 2014) was measured at the 
nearest weather station in Bristol, SD (10 kilometers). Switchgrass yields were measured 
and the method was described in previous publications (Hong et al., 2012) and averaged 
across three N rates and each year from 2010 to 2014 for this study.  
4.2.3. Data Analysis Methods 
Statistical comparisons of the differences in parameters between the three 
landscape positions and the three N rates were obtained using all pairwise differences 
method to compare least-squares means (LS-means) estimated by the mixed model using 
the GLIMMIX procedure in SAS (SAS, 2012) where the landscape position, N rate, and 
time were considered as fixed effects and replication and replication × N rate considered 
as random effect. The data trend analysis was conducted by the Mann–Kendall test 
(Mann, 1945; Kendall, 1975) with slopes estimated by the Sen Estimator (Sen, 1968) 
using the package “mblm” in R (Komsta, 2013; R Core Team, 2014). Significance was 
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determined at the α = 0.10 level for all statistical analysis because of limited degrees of 
freedom (replications per treatment are not enough because of missing values) (Royer et 
al., 2007). The correlation analysis was conducted using the CORR procedure in SAS 
(SAS, 2012) and Pearson correlation coefficients. 
 
4.3. Results 
4.3.1. Climate Data and Switchgrass Yield 
The annual average values of maximum temperature for 2009, 2010, 2011, 2012, 
2013, and 2014 were 10.1, 11.6, 11.7, 14.3, 10.4, and 10.3°C, respectively. The annual 
average values of minimum temperature for these years were 0.15, 1.81, 0.74, 2.47, -
0.57, and -0.46°C, respectively. The cumulative annual precipitation values from 2009 to 
2014 were 717, 647, 538, 585, 617, and 432 mm, respectively. The long-term (30 years, 
1985-2014) average daily maximum and minimum temperature and annual precipitation 
values were 11.7°C, 0.97°C, and 621 mm, respectively. 2011, 2012, and 2014 were 
drought years because precipitation in the years was lower than the long-term annual 
average precipitation. The annual average maximum and minimum temperature in 2012 
were substantially higher compared to the average of other 5 study years, and the long-
term annual average of temperature. The monthly average of the maximum and minimum 
temperature and cumulative monthly precipitation are shown in Fig. 4.1A and Table S4.3.  
The total average switchgrass yields monitored from 2010, 2011, 2012, 2013, and 
2014 were 4.85±1.15, 4.46±0.78, 5.04±1.14, 4.7±1.16, and 4.50±1.19 Mg ha-1. Data 
show that switchgrass yield was maximum in 2012 and minimum in 2011. The average 
switchgrass yields with high N rate from 2010 to 2014 were 5.24±1.03, 4.99±0.45, 
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5.88±0.99, 5.86±0.44, and 5.36±0.70 Mg ha-1, respectively. The average switchgrass 
yields with medium N rate from 2010 to 2014 were 5.42±0.59, 4.81±0.33, 5.45±0.55, 
4.97±0.41, 5.07±0.60 Mg ha-1. The average switchgrass yields with low N rate from 2010 
to 2014 were 3.90±1.26, 3.58±0.59, 3.78±044, 3.31±0.27, 3.06±0.38 Mg ha-1. Data 
indicate that the switchgrass biomass yield followed a trend similar to that of the annual 
average temperature and annual precipitation. The yield with the medium or high N rate 
was higher than that with the low N rates (Fig. 4.2B).  
4.3.2. Average Daily DOC Contents 
A total of 313 values of DOC contents were measured for 2009 through 2014 
period. The mean and standard deviation of DOC contents were 8.29±8.03 mg L-1 with 
the maximum value of 70.9 and the minimum value of 0.25 mg L-1. The daily average 
DOC contents at the backslope position were lower than that at the footslope and 
shoulder. The DOC contents from plots that received medium N rate were also lower 
than those of high and low N rates (the average DOC at low N rates was higher than that 
of high N rate) (Table 4.1). The first three largest differences in daily DOC contents 
values among landscape positions occurred on 16 October, 2014, 14 August, 2013, and 
19 September, 2014. The three smallest differences occurred on 16 April, 2014, 10 
August, 2010, and 11 July, 2014. The trends of DOC contents at three landscape 
positions were similar from 2009 to 2011 but more different in 2012 and 2014 (Fig. 
4.1C). 
The N rate influenced the DOC contents, however, differences were not always 
significant. The DOC contents under the medium N rate were significantly different from 
that under the low N rate. The DOC contents at the backslope position were significantly 
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different between the medium and low N rates (Table 4.1). However, there were no 
significant differences in the DOC contents among the three N rates at the shoulder or 
footslope positions (Table 4.1). The daily average DOC contents were influenced by the 
landscape positions. The DOC contents at the shoulder and footslope were significantly 
different from that at the backslope. Specifically, within plots under the high or low N 
rate, the DOC contents between the backslope and footslope were significantly different. 
However, under the medium N rate plots, no significant differences in the DOC contents 
were observed within the three landscape positions (Table 4.1).  
The DOC contents under the high and low N rates were similar on all collection 
dates except for 31 August 2012. Because of missing values of DOC under the medium N 
rate, their pattern from 2009 to 2012 could not be displayed. In 2013 and 2014, the DOC 
pattern under the medium N rate is different from that under the high and low N rates 
(Fig. 4.1D). The impacts of the landscape positions and N rates on DOC contents were 
different from 2009 to 2014 (Table S4.4). The DOC contents at the backslope were 
significantly different from those at the footslope in 2010 and 2011. The DOC contents at 
the backslope were significantly different from that at the shoulder and footslope in 2012. 
There were also significant differences in DOC between the shoulder and backslope in 
2014. However, no significant differences in the DOC contents under the landscape 
positions were observed in 2009 and 2013. When compared among the different N rates, 
the DOC contents were not significantly impacted by the three N rates in 2013 and 2014 
(Table S4.4). The DOC contents between the high and low N rates were not significant in 
2009, 2010, and 2011. However, there was a significant difference between the high and 
low N rates in 2012 (Table S4.4). In 2009-2012, it is unknown whether there were 
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significant differences of DOC between the medium N rate and high or low N rates 
because of missing data under the medium N rate. The daily average DOC contents at the 
footslope and the high N rate followed a negative trend (P< 0.1) over time because of 
their slopes of -0.0343 and -0.0106, respectively (Table 4.2 and Fig. 4.1C and 4.1D).   
4.3.3. Average Annual DOC Contents 
The annual average DOC contents were calculated to explore the relationships 
between the DOC contents and switchgrass biomass yields, and annual average 
temperature and cumulative precipitation. Under the low N rate, the DOC contents were 
higher than that under the high N rate (Fig. 4.2C). The maximum difference in the DOC 
contents between the low and high N rates was 2.69 mg L-1 in 2012, and the minimum 
difference was 0.77 mg L-1 in 2010. The DOC contents at the footslope position were 
higher than that at the shoulder position. The DOC contents at the backslope had more 
changes from 2009 to 2014 than that at the shoulder and footslope (Fig. 4.2D). The 
maximum range of DOC content among the three positions was 5.70 mg L-1 in 2012, and 
the minimum was 1.34 mg L-1 in 2009. The annual average DOC contents at the different 
levels of treatments had a similar pattern with cumulative annual precipitation (Fig. 4.2A, 
4.2C, and 4.2D). The DOC contents at all N levels followed no specific trend over the 
sampling years (2009 to 2014; data not shown). The Pearson correlation coefficients (r) 
showed that there was no relationship between maximum and minimum annual average 
temperature and the DOC contents under all treatments (r < 0.30) except for the shoulder 
position (r = 0.51 with minimum temperature) (Table 4.3). The scatter plots of this 
analysis are shown in Fig. S4.1 and Fig. S4.2. For the annual average maximum 
temperature, the DOC contents at the shoulder followed a quadratic relationship. The 
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quadratic function was analyzed as: y = 0.9933x2 - 25.289x + 165.47 with R2 of 0.70 
(Fig. S4.3B). 
The annual average DOC contents at the high and low N rate and the footslope 
had a strong and moderate positive relationship with annual cumulative precipitation (r = 
0.72 and 0.58, respectively) (Table 4.3). The DOC content at the shoulder had a quadratic 
relationship with precipitation. The function is given by the equation: y = 0.0205x2 - 
2.1966x + 64.813 with R2 = 0.70 (Fig. S4.3A). There was a moderate positive 
relationship between the DOC contents at the backslope and annual cumulative 
precipitation (r = 0.56). The relationship between the DOC contents at the footslope and 
the precipitation was positive (r = 0.79) (Table 4.3). In general, there was a moderate 
positive relationship between the total average DOC contents and the precipitation (r = 
0.65). The scatter plots of these analyses are shown in Fig. S4.4. For the switchgrass 
yields, the DOC contents at the high N rates had a strong positive relationship with yields 
at the high N rates (r = 0.82). The r value of 0.07 between the DOC contents and yields at 
the low N rates indicated that there was no relationship between these two parameters. 
However, there was a moderate positive relationship between the total average DOC 
contents and the total average yield (r = 0.52) (Table 4.3 and Fig. S4.5).  
 
4.4. Discussion  
4.4.1. Landscape Position Impacts on DOC Contents        
The findings from this study suggest that the landscape position has statistically 
significant impacts on DOC contents under switchgrass land, and these impacts vary 
temporally. It is important to understand the mechanisms of DOC leaching changes in the 
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natural environment. So far, no study was found to report in the literature that showed the 
impacts of landscape position on DOC contents. However, some studies have 
demonstrated that some environmental and soil factors impact the DOC contents. For 
example, the accumulated plant matter, soil humus, microbial biomass, or root exudates 
in soils are sources of the DOC leaching in the soils (Kalbitz et al., 2000; Chibnall, 2013). 
The DOC leaching is the net result of processes that release and remove DOC from the 
soil. The DOC is removed from the soil through adsorption or decomposition by 
microbes in the soil (Chibnall, 2013), and it can be broken down by the microbes into 
CO2 to the atmosphere before it is leached to the deeper soils. Thus, the fate of DOC 
leached from the soil follows three pathways: leaching to the groundwater, mineralization 
to CO2, or sorption and storage in the soil. These processes are in turn dependent on 
internal soil conditions and environmental controls, in which temperature, moisture, and 
soil (chemical, physical and biological) properties have the largest influence (Chibnall, 
2013). For example, sodium and calcium can adsorb to soil microsites and result in the 
displacement of absorbed organic ions including carbon (Reemtsma et al., 1999). The 
high clay content can promote the DOC adsorption and thus the DOC retention (Don and 
Schulze, 2008). Therefore, the higher soil organic carbon (SOC), total carbon (TC), water 
content (WC), and lower bulk density (ρb) at the footslope (Table S4.1) (clay contents in 
the soils at footslope position were higher than those at the shoulder and backslope 
positions) could result in the DOC retention. The different DOC leaching contents at the 
three positions were majorly due to the differences in soil properties (e.g. pH, soil texture, 
soil moisture, and temperature) associated with these positions. Moreover, differences in 
these soil parameters are greater between the backslope and footslope than that between 
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the backslope and shoulder (Table S4.1), therefore, this could result in significant 
differences in DOC contents between the backslope and footslope. Furthermore, the 
differences in the soil properties within these landscape positions were mainly because of 
past erosion including tillage and water erosion and long-term soil development 
(Mbonimpa et al., 2015). Specifically, the erosion can affect soil organic matter in 
different ways through removing surface soil material, incorporating subsoil into surface 
horizons, and the deposition of soil (Pennock, 1997). All three processes work together to 
change the eroded soil properties, including the bulk density, porosity, moisture retention, 
cation exchange capacity, organic matter, and nutrient concentrations (Gregorich et al., 
1998). Furthermore, the erosion can directly impact DOC leaching through reducing the 
amount of soil carbon in two ways. First, the reduction causes soil degradation which in 
turn results in reduced crop productivity. Second, the erosion removes nutrients, surface 
soil and C from higher slopes (especially shoulder and backslope) and deposits eroded 
material including C at the downslopes (footslopes) (Gregorich et al., 1998). 
4.4.2. N Rate Impacts on DOC Contents 
The results from this study also confirm that the N application significantly 
affects the DOC contents. As previously mentioned, there are many factors that impact 
DOC leaching contents from soils. The N fertilizer is a part of the land management. It 
impacts DOC leaching or other parameters in soils and the environment that are closely 
related to sustainability of the soil-plant ecosystem. Some studies have reported the 
variations in DOC leaching contents with different N rates. McTiernan et al. (2001) 
found that the concentration of DOC leachate increased as the N rate increased. This was 
explained by the increased dry matter production that contributed to a greater production 
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of soluble C. This result is not consistent with the present findings that showed that the 
DOC leaching contents at the low N rate were higher than that at the medium and high N 
rates (Table 4.1). However, another study conducted by Parfitt et al. (2009) who reported 
that the DOC leaching contents were higher in the low N system and lower in the higher 
N system, which is consistent with our results. This was likely because the higher ratios 
of C/N at the low N rate provided the presence of the more hydrophobic fraction of DOC, 
which can readily adsorb to soil mineral surfaces, contributing to increased DOC 
leaching concentrations (Marschner and Kalbitz, 2003). Another possible biological 
mechanism is that the increased N fertilizer in the soil could be taken up by switchgrass 
and the extra N could be converted into other material (for example, organic N in soil 
organic matter may be converted to inorganic N through the process of mineralization), 
which could result in different variations in soil properties. For example, the differences 
of the SOC and WC in soils between the medium and low N rates were higher than those 
between the medium and high N rates (Table S4.1). This could lead to significant 
differences in DOC contents between the medium and low N rates. 
Indeed, the physical controls may also contribute to dominating DOC leaching in 
soils (Neff and Asner, 2001). It has been stated that the increase of soil solution pH (or 
acid neutralizing capacity) would lead to positive changes in DOC concentrations by 
increasing DOC solubility in soils, and N rate significantly decreased the soil solution pH 
below the dominant rooting zone (Lu et al., 2013). Therefore, the N fertilizer increased 
the DOC leaching contents. However, in this study, in the dominant rooting zone of 
switchgrass, there was higher pH with an increase of N rates (data not shown), the DOC 
contents were higher at the low N rates (Table 4.1). Thereby, we could not explain the 
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results only based on pH changes. The effect of pH on DOC dynamics may be 
confounded with other factors. On the one hand, the confounding effect could result in 
the different effects of pH change on DOC leaching contents. For example, there was a 
decrease in the sorption capacity of soils while the solution had a high pH value 
(Schneider et al., 2010), which could result in an increase of DOC leaching contents. 
Moreover, the Fe and Al could have more impact on the sorption capacity of soils than 
pH on that in switchgrass field. Soils containing high concentrations of extractable Fe 
or/and Al exhibit the capacity to adsorb DOC as water percolates down through the soil 
profiles, decreasing the DOC leaching concentrations (Boudot et al., 1989; Sleutel et al., 
2009). The sorption by hydrous Al oxides could be a reason for the N-induced decreases 
of soil solution DOC (Corre et al., 2010). The N addition significantly increased 
extractable Fe (Lu et al., 2013). Switchgrass has a deep rooting system with an abundant 
and dense network of hairs (Clark et al., 1998; Blanco-Canqui, 2010). Therefore, 
switchgrass could have more arbuscular mycorrhizal (AM), which can reduce nutrient 
loss from soils by enlarging the nutrient interception zone and preventing nutrient loss 
after rain-induced leaching events (Augé, 2004; Cavagnaro et al., 2006). Thus, the 
switchgrass could maintain Fe and Al in soil in long-term. When N fertilizer is applied to 
the field in this study, it could induce the more extractable Fe and Al in soil, which could 
reduce the DOC leaching contents.  
4.4.3. Relationship of DOC Contents to Year, Climate and Yield   
The different treatment effects (landscape positions and N rates) on DOC contents 
from 2009 and 2014 could be linked to annual changes in temperature and precipitation 
because other conditions such as the perennial switchgrass, positions, N rates, no-till, and 
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harvest are relatively stable. The findings from this study show that the DOC contents are 
not significantly related to annual average temperature changes (only there are significant 
relationships between DOC contents at the shoulder and the annual average temperature), 
but are related to annual precipitation (Table 4.3). Some studies have reported that there 
were higher concentrations of DOC in summer, which indicated a greater production of 
DOC by microbes (McDowell and Likens, 1988). Harrison et al. (2008) reported that the 
effect of temperature on DOC leaching was not strong. This is similar to this study. 
Therefore, higher precipitation in 2009 and 2013 in this study site resulted in higher DOC 
contents than the sampling years with lower precipitation. Furthermore, the DOC 
contents in 2009 and 2013 were less variable than in dry years. This was primarily due to 
a lack of a dilution effect on the DOC leaching concentrations (Peichl et al., 2007). In the 
dry years, the DOC contents could have higher variation because the wet-dry process can 
produce large amounts of DOC leaching (Lundquist et al., 1999). This is mainly because 
large amounts of water-soluble neutral organic matter can be produced under the drying 
conditions through the lysis of microbial cells (Christ and David, 1996). The materials 
are highly soluble and can be readily leached when the drying is shifted into wet 
condition due to precipitation events (Kaiser and Zech, 1999). Moreover, these variations 
in soil properties under different landscape positions and N rates could indirectly 
complicate the relationships between climate and DOC leaching. The findings from this 
study confirmed that there were different relationships between precipitation and DOC 
contents at three positions and N rates. The relationships observed in this study will aid in 
further understanding the variations of DOC contents under switchgrass land.  
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Further, the results from this study showed no significant time trends of DOC at 
the different N rates and positions except for at the footslope (P = 0.0095) and the high N 
rate (P = 0.074). However, the slopes of time trend were very small (-0.0343 and -
0.0106) (Table 4.2), therefore, in general, DOC contents were not significantly influenced 
by time from 2009 through 2014. This may be linked to switchgrass production directly 
since all factors have changed over time except for the switchgrass, which was seeded in 
the field as a perennial crop in 2008. This indicates that the switchgrass field could keep 
DOC contents constant over time, which is helpful to sequester C and retain soil and 
environment sustainability. One possible explanation is that switchgrass has a deep root 
system that can translocate SOC to deeper soil layers, reducing decomposition of the 
SOC, promoting long-term C sequestration (Frank et al., 2004). The fraction of SOC 
stored in deeper (>30 cm) soils is critical for long-term C sequestration. This is majorly 
because of this fraction slower turnover due to the reduced microbial activity processes 
and fluctuations in the soil water content and the temperature (Liebig et al., 2005; 
Blanco-Canqui, 2010). In the long-term, the time trends of DOC contents need to be 
further investigated.  
The relationships between yield and DOC contents were not found from previous 
studies. However, based on findings from this study, there was a positive relationship 
between switchgrass yields and the DOC contents (Fig. S4.5). This was partly because 
the increases in SOC and SOM resulting from the increases in switchgrass yields could 
result in more DOC leaching contents. The switchgrass yield increases may be realized in 
the future because of technological innovation of breeding, improvements in field 
management, and possibly greater demand for switchgrass for bioenergy. Therefore, the 
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DOC contents in leachate from switchgrass land might increase in the long-term, which 
could result in an increase of sorption and storage in the soil, thereby increasing C 
sequestration.        
 
4.5. Conclusions 
This study indicates that DOC leaching contents in the switchgrass field were 
influenced by landscape positions and N rates. Especially, the N fertilization reduced the 
DOC leaching contents in switchgrass field. Annual precipitation was positively 
correlated with the DOC contents of leachate. Furthermore, switchgrass yields had a 
positive relationship with DOC contents to some extent. The DOC contents had 
insignificantly time trends from 2009-2014 periods. This indicates that switchgrass 
retains soil and environment sustainability to some extent. These findings will assist in 
understanding the mechanisms of DOC content changes with the landscape positions and 
the N fertilizer rates and evaluation of carbon budget on switchgrass land. However, for 
the six-year period of this study, data on DOC contents were not large enough because of 
some missing values. Therefore, continuous interval (weekly, bi-weekly or monthly) 
monitoring of DOC for longer duration is required to deeply understand the impacts of 
above-mentioned factors on DOC leaching contents from switchgrass fields. 
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Table 4.1. Least-square means and standard error (within parenthesis) of dissolved 
organic carbon (DOC) contents (mg L-1) from land seeded with switchgrass managed 
with different landscape (shoulder, backslope and footslope) positions and nitrogen rates 
(high, medium and low). 
 
Treatments 
DOC contents (mg L-1) 
Average High Medium Low 
Position     
   Shoulder 8.38a† 8.72ab 7.50a 8.60ab 
   Backslope 6.45b 6.41b 5.33a 6.83b 
   Footslope 8.95a 9.03a 6.51a 9.14a 
  Shoulder Backslope Footslope 
N rate     
   High 7.77ab 8.69a 6.38ab 7.96a 
   Medium 6.00b 7.53a 4.18b 8.97a 
   Low 8.54a 8.48a 7.70a 9.18a 
                      †LS-Means with the same letter are not significantly different. 
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Table 4.2. Trend test for daily average DOC contents (mg L-1) from field seeded with 
switchgrass managed with different landscape positions and nitrogen rates over months. 
 
Treatments Slope† p-valueǂ 
Position   
  Shoulder -0.0132 0.26 
  Backslope -0.0201 0.134 
  Footslope -0.0343 0.0095 
N rate   
  High -0.0106 0.074 
  Medium -0.234 0.29 
  Low 0.02196 0.68 
Total 0.0289 0.999 
†Slopes were estimated by Sen Estimator. 
ǂp-values were from Mann–Kendall test. 
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Table 4.3. Pearson correlation coefficients (r) between levels of positions and N rates and 
year, temperature, precipitation, and yields. 
 
DOC contents  Tmax† Tminǂ Prcpξ Yield 
Low_DOC -0.02 -0.16 0.58 0.07 (L_yield) 
High_DOC -0.27 -0.25 0.72 0.82 (H_yield) 
Shoulder_DOC - -0.51 - - 
Backslope_DOC 0.23 0.08 0.56 - 
Footslope_DOC 0.09 0.08 0.79 - 
Total_DOC -0.07 -0.13 0.65 0.52 (Total_yield) 
                     †Tmax, maximum temperature.  
  ǂTmin, minimum temperature.  
                         ξPrcp, precipitation. 
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Table S4.1. The mean and standard deviation values of selected soil properties for the 0-5 cm depth under switchgrass land 
managed with landscape positions and nitrogen rates. 
  
Treatment pH TC (%) SOC (%) TN (%) ρb (g cm
-3) WC (%) 
Position       
  Shoulder 8.01±0.32 3.44±0.32 2.14±0.47 0.19±0.04 1.38±0.22 14.80±2.24 
  Backslope 7.94±0.33 3.08±0.27 2.32±0.48 0.21±0.04 1.34±0.15 15.94±3.99 
  Footslope 7.73±0.47 3.54±0.39 3.17±0.43 0.26±0.04 1.02±0.15 24.91±5.17 
N rate       
  High 7.85±0.48 3.42±0.41 2.54±0.65 0.220±0.05 1.28±0.23 18.40±5.96 
  Medium 7.94±0.37 3.28±0.33 2.40±0.65 0.217±0.04 1.19±0.22 17.33±6.17 
  Low 7.90±0.32 3.35±0.41 2.69±0.61 0.219±0.06 1.26±0.29 19.92±6.11 
Note: TC, total carbon; SOC, soil organic carbon; TN, total nitrogen; ρb, bulk density; and WC, volumetric water 
content. ρb and WC are average of values measured in 2009, NO3 is average of measured values in 2009 and 2010, and 
others are average of 2009-2011. 
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Table S4.2. Number (n = 313) of water samples measured at different sampling time during 2009 through 2014 from the 
switchgrass field managed with different N levels.  
 
Date 8_4_09 9_1_09 10_8_09 6_7_10 7_1_10 8_10_10 10_8_10 8_5_11 9_22_11   Total 
Sample # 22 22 24 19 23 22 22 23 10   187 
Date 7_2_12 8_31_12 8_14_13 11_16_13 4_16_14 5_22_14 6_13_14 7_11_14 9_19_14 10_16_14  
Sample # 9 6 5 10 28 5 13 29 13 8 126 
Total                     313 
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Table S4.3. Monthly average maximum and minimum temperature (°C) and cumulative monthly precipitation (mm) from 2009 
to 2014.  
 
Year Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2009 
Tmax (°C) -9.13 -4.19 1.74 10.59 20.12 22.61 24.30 24.50 22.44 6.94 9.46 -8.45 
Tmin (°C) -19.81 -15.23 -8.28 -0.03 6.54 12.61 14.32 13.93 12.42 0.77 -0.78 -15.43 
Prcp (mm) 18.80 22.70 33.80 23.20 25.00 133.10 86.00 70.40 116.90 145.90 9.70 31.50 
2010 
Tmax (°C) -8.11 -6.40 5.60 16.35 18.39 24.22 27.80 28.11 19.59 15.35 4.00 -7.12 
Tmin (°C) -16.69 -15.92 -2.73 5.04 8.43 14.26 17.37 17.60 9.41 4.50 -5.51 -15.28 
Prcp (mm) 26.40 22.90 26.00 33.10 67.90 80.70 63.80 63.40 139.20 81.90 6.30 35.80 
2011 
Tmax (°C) -8.91 -5.53 -0.59 10.44 17.46 23.94 29.32 27.27 21.68 16.73 5.85 0.98 
Tmin (°C) -19.57 -16.43 -10.03 0.70 6.95 13.67 18.89 15.00 8.07 4.26 -4.97 -8.86 
Prcp (mm) 31.50 20.31 49.02 57.67 99.81 87.11 97.01 32.25 26.17 22.61 2.29 11.93 
2012 
Tmax (°C) -0.68 0.39 13.19 14.46 20.91 27.19 30.82 26.97 24.13 12.19 4.77 -3.35 
Tmin (°C) -10.97 -9.89 0.14 3.20 9.62 14.35 18.63 13.13 7.39 1.10 -5.18 -12.40 
Prcp (mm) 21.07 22.60 14.22 93.22 90.18 43.44 94.49 59.43 0.76 102.10 7.87 35.30 
2013 
Tmax (°C) -5.14 -4.03 -1.83 5.38 18.69 23.94 26.90 27.87 25.19 11.14 4.58 -8.33 
Tmin (°C) -15.42 -14.55 -12.11 -3.79 7.37 13.12 15.94 15.45 12.42 1.92 -8.33 -19.73 
Prcp (mm) 15.74 25.14 16.00 47.22 98.55 108.70 101.09 11.42 51.05 115.82 3.04 23.60 
2014 
Tmax (°C) -5.64 -7.41 1.50 11.02 19.23 24.05 25.38 24.95 21.30 13.40 3.80 -8.82 
Tmin (°C) -19.71 -19.72 -9.64 -0.32 8.19 13.81 15.48 16.01 10.74 3.03 -6.37 -18.23 
Prcp (mm) 11.20 2.90 10.20 31.40 39.30 159.00 27.90 77.10 18.80 21.60 3.30 28.80 
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Table S4.4. Least-square means of dissolved organic carbon (DOC) contents (mg L-1) from field seeded with switchgrass 
managed with different landscape positions and nitrogen rates for 2009-2014. 
 
Treatments 
DOC contents (mg L-1) 
2009 2010 2011 2012 2013 2014 
Position       
  Shoulder 13.7a† 5.42b 5.76b 10.1a 8.91a 7.94a 
  Backslope 12.2a 4.45b 3.94b 3.71b 9.89a 4.52b 
  Footslope 12.4a 8.33a 8.98a 9.31a 10.5a 6.62ab 
N rate             
  High 13.1a 5.62a 5.93a 5.29b 8.22a 5.31a 
  Medium - - - - 7.74a 5.89a 
  Low 12.4a 6.62a 7.18a 9.53a 11.3a 7.19a 
                                                   †LS-Means with the same letter are not significantly different. 
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Fig. 4.1. (A) Monthly cumulative precipitation (cm) and monthly average temperature 
(°C), (B) daily precipitation and daily temperature for the sampling day, (C) daily DOC 
content (mg L-1) from leachate in switchgrass at three landscape positions (shoulder, 
backslope, and footslope), and (D) three nitrogen fertilizer rates (high, medium, and low). 
Note Tmax, maximum temperature; Tmin, minimum temperature; Prcp, precipitation. 
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Fig. 4.2. (A) Annual average temperature (°C) and cumulative precipitation (cm) from 
2009 to 2014; (B) switchgrass yields (Mg ha-1) in the 2010-2014 period under different 
N-fertilizer rates; (C) DOC leaching contents (mg L-1) in switchgrass land in the 2009-
2014 period under three N-fertilizer rates and (D) landscape positions. Note Tmax, 
maximum temperature; Tmin, minimum temperature; Prcp, precipitation. 
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Fig. S4.1. Correlations between yearly average maximum temperature (°C) and yearly average DOC contents (mg L-1) at high and low 
N rates, backslope, footslope, and total average from 2009 to 2014. Note Tmax, maximum temperature; H, high N rate; L, low N rate; 
B, backslope; F, footslope; T, total. 
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Fig. S4.2. Correlations between yearly average minimum temperature (°C) and yearly average DOC contents (mg L-1) at high, 
medium, and low N rates, backslope, footslope, and total average from 2009 to 2014. Note Tmin, minimum temperature; H, high N 
rate; L, low N rate; S, shoulder; B, backslope; F, footslope; T, total. 
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Fig. S4.3. Correlations between average DOC contents (mg L-1) at shoulder and cumulative annual precipitation (cm) (A) and 
maximum temperature (°C) (B) from 2009 to 2014. 
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Fig. S4.4. Correlations between yearly precipitation (cm) and yearly average DOC contents (mg L-1) at high and low N rates, 
backslope, footslope, and total average from 2009 to 2014. Note Prcp, precipitation; H, high N rate; L, low N rate; B, backslope; F, 
footslope; T, total.   
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Fig. S4.5. Correlations between yields (Mg ha-1) and yearly average DOC contents (mg L-1) at high (A) and low (B) N rates and total 
average (C) from 2010 to 2014. 
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CHAPTER 5 
SOIL NITROGEN DYNAMICS IN SWITCHGRASS SEEDED TO A 
MARGINALLY YIELDING CROPLAND IN SOUTH DAKOTA 
ABSTRACT 
Soil nitrate (NO3
-), nitrate leaching, and nitrous oxide (N2O) emissions for 2009 through 
2015 were monitored to explore N dynamics in switchgrass (Panicum virgatum L.) 
seeded to a marginally yielding cropland. Our findings indicated that the N rate impacted 
soil NO3
- (0-5 cm depth) and soil surface N2O fluxes but did not impact NO3
- leaching 
after five years of continuous growing switchgrass. The medium N (56 kg N ha-1) turned 
out to be the optimal rate for increasing the biomass yield with reduced environmental 
problems. Landscape position impacted the N dynamics. At the footslope position, there 
was higher soil NO3
-, NO3
- leaching and N2O fluxes than the other positions. The data from 
this study indicated that growing switchgrass on marginally yielding croplands can store N 
nutrient, reduce N losses via leaching, and mitigate N2O emissions from soils to the 
atmosphere over time. 
 
Keywords: Nitrogen dynamics, nitrogen fertilization rate, landscape positions, soil 
nitrate, nitrate leaching, nitrous oxide, switchgrass 
 
5.1. Introduction 
 Nitrogen (N) dynamics in the soil-plant system involves many complex and 
interacting processes that transform and transport N in, out and throughout the system. 
The soil N supply, crop N uptake, and N losses are the main areas to understand the N 
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dynamics (Stockdale et al., 1997). The sources of soil N include organic [e.g., soil 
organic matter (SOM), crop residues, and manure] and inorganic forms [e.g., ammonium 
(NH4) fertilizer]. However, the organic forms are hardly available for crop uses (Schimel 
and Bennett, 2004). They are first converted to inorganic forms through mineralization in 
which bacteria digest organic materials and release NH4
+ (Schimel and Bennett, 2004). 
Then the NH4
+ is rapidly converted to nitrate (NO3
-) under adequate climate conditions 
through nitrification in which an aerobic process is performed by autotrophic bacteria and 
archaea (Whalen and Sampedro, 2010). The NO3
- and NH4
+ are the major inorganic 
forms of N those are taken up by the plants. However, if not managed properly, most of 
the N losses in two main ways that include: (i) NO3
- leaching. NO3
- in soils is repelled by 
the negatively charged clay mineral surfaces in soil. It is totally soluble in soil and moves 
freely through most soils (Follett, 1995). (ii) N gasses. The bacteria convert NO3
- to N 
gasses such as nitrous oxide (N2O) which is lost to the atmosphere through denitrification 
in which denitrifying bacteria use NO3
- instead of oxygen in the metabolic processes 
(Luce et al., 2011). Therefore, management practices are needed to reduce the N losses.    
Switchgrass (Panicum virgatum L.) is a native perennial warm-season grass (C4) in 
North America. It can widely adapt as an endemic species (Lewandowski et al., 2003). It 
can be used as a renewable energy source identified by the U.S. Department of Energy in 
1985 (Lee et al., 2012) and was selected as a model potential bioenergy crop in 1991 
(Wright, 2007). With the increased economic benefits as a biofuel feedstock, the potential 
ecological impacts of switchgrass need to be assessed in the United States (Hartman et 
al., 2011). The N dynamics in the switchgrass-ecosystem is crucial in the assessment 
because the increased N inputs are likely to result in significant N losses, such as the 
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surface runoff of NH4
+, NO3
− leaching into surface and groundwater, and gaseous 
emissions of ammonia (NH3) and N2O into the atmosphere. Among these N losses, the 
N2O fluxes and NO3
− leaching are the two main factors because of their severe impacts 
on the environment. The excessive N2O in the atmosphere not only contributes to global 
warming but currently is the single most important ozone-depleting gas (Dai et al., 2014). 
The NO3
− leaching can lead to excess N in rivers, lakes, and groundwater, causing the 
water quality problems in natural water systems (Ma et al., 2001; Madakadze et al., 
2003). Therefore, in this study, the N fertilization, soil NO3
-, NO3
- leaching, and soil N2O 
fluxes were selected to explore N dynamics in switchgrass fields.  
Many studies have reported the N dynamics in crop fields based on different 
treatments (e.g., Clough et al., 2013; Ikerra et al., 1999; Kumar and Goh, 1999; Luce et 
al., 2011; Stockdale et al., 1997). However, the factors in N dynamics in most of these 
studies were investigated separately, and very few studies included N fertilizer, soil N2O 
fluxes, NO3
- leaching, soil properties, and yield for some crops (e.g., Behnke et al., 2012; 
Maharjan et al., 2014; Zhou et al., 2014). A few studies have reported some results of N 
dynamics in switchgrass fields such as N use efficiency across the USA (Owens et al., 
2013), gross N mineralization and nitrification rates in surface soils after N fertilizer 
application (Garten et al., 2010), N translocation from aboveground to belowground 
biomass during senescence (Pedroso et al., 2014), N2O emissions (Nikièma et al., 2011; 
Schmer et al., 2012), and inorganic N leaching (McIsaac et al., 2010). However, these 
studies investigated separately the factors in N dynamics. The information of integrated 
analysis of N fertilizer, soil NO3
−, soil N2O emissions, and NO3
− leaching is still lacking.  
Landscape position is another key factor in influencing soils (Bronson et al., 
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2003; Mwanjalolo Jackson-Gilbert et al., 2015; Wang et al., 2001). Landscape position is 
slope position, which indicates the spatial variabilities of N dynamics. A few studies have 
been related to the position or spatial effects on soil N dynamics in switchgrass fields 
(Dale et al., 2011; Ontl et al., 2015; Schmer et al., 2011). However, little is known about 
the topography and the N rate impacts on N dynamics in switchgrass field. Therefore, the 
objectives of this study were to: (i) evaluate the effects of N rate, topography, and time on 
soil NO3
-, NO3
- leaching, and N2O fluxes, and (ii) investigate the optimum application of 
N rate for increasing the switchgrass biomass yield with reduced environmental 
problems. 
 
5.2. Materials and Methods 
5.2.1. Description of Study Site and Treatments 
The study site is located 45°16'24.55"N, 97°50'13.34"W, near Bristol, South 
Dakota, USA. It was arranged into 12 plots (each plot is 21.3 m wide and 365.8 m long) 
with 2-20% slope. The plots were laid out in a split-plot design comprised of three N 
rates treatments (low, 0 kg N ha-1; medium, 56 kg N ha-1; and high, 112 kg N ha-1) and 
three landscape positions (shoulder, backslope, and footslope) with four replications. 
Switchgrass [cultivar: sunburst; planting rate: 10 kg pure live seed (PLS) ha-1] was 
planted on May 17, 2008. The previous crop grown on these plots was soybean (Glycine 
max. L.). Switchgrass was harvested once annually around a killing frost. The soils at the 
site are dominated by loamy soils; Forman (Fine-loamy, mixed, frigid Udic Argiborolls), 
Buse (Fine-loamy, mixed, frigid Udic Calciborolls), Aastad (Fine-loamy, mixed, frigid 
Pachic Udic Haploborolls), and Barnes (Fine-loamy, mixed, frigid Udic Haploborolls). 
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There are also minor occurences of Netley (Fine, montmorillonitic, frigid Chromic 
Hapluderts) and Sinai (Fine, montmorillonitic, frigid Typic Hapluderts) silty clays. Buse 
soils are mostly encountered at shoulders and Aastad at footslopes (Mbonimpa et al., 
2015).  
5.2.2. Sampling and Analysis 
Soil samples were collected from each plot during June of 2009, 2010, 2011, 2012 
and 2013 before yearly N fertilizer application for measuring the NO3
- contents at the 0- 
to 5-, 5- to 15-, 15- to 30-, 30- to 60-, and 60- to 100-cm depths. Soil NO3
- was 
determined using the KCl Extraction/d-Reduction Method (Bremner and Edwards, 1965; 
Keeney and Nelson, 1982). NO3
- Leaching contents were measured using the suction 
lysimeter method. Water samples from the fields were collected using suction lysimeters 
installed and fixed at 1.0 m depth and 36 positions at this study site from 2009 to 2015 
(Lai et al., 2016). The samples were collected 3 to 6 times per year from April to 
November. The water samples were analyzed for NO3
- leaching contents by NO3 
analyzer Dionex DX500 using the EPA 300.1 method (Hautman and Munch, 1997). 
There were some missing samples because of no leachate at some positions resulting 
from dry weather. 
Soil N2O emissions were monitored using the vented PVC static flux chambers 
(25 cm diameter × 15 cm height) (Hutchinson and Mosier, 1981), which were installed 
and fixed in the fields from 2010 to 2015, according to the guidance of Parkin and 
Venterea (2010). Soil N2O fluxes were calculated as the change in headspace gas 
concentration over time within the enclosed chamber volume and the average of two 
chambers was used to represent each plot for further analysis (Mbonimpa et al., 2015). 
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To further analyze the variabilities of N2O fluxes during the growing season, each 
growing season was divided into the three periods: April-June, July-August, and 
September-October, which are approximately in response to the germination and 
vegetative stages, elongation stage, and reproductive stage of switchgrass growth, 
respectively (Moore et al., 1991). The measurements of the daily minimum and 
maximum temperature and precipitation and their calculation were described in our 
previous publication (Lai et al., 2016). The method for measuring the switchgrass yield 
was described in our previous publication (Hong et al., 2014). The yield was averaged 
across the three N rates and each year from 2009 to 2015 in this study. The method of 
water-filled pore space (WFPS) calculation was described in our previous study 
(Mbonimpa et al., 2015). 
5.2.3. Data Analysis 
Statistical comparisons of soil NO3
- contents among the three N rates and 
positions were obtained using all pairwise differences method (adjusted by Tukey) by a 
mixed model, where the N rate, position, and position × N rate were considered as fixed 
effects and replication and replication × N rate the random effects using the GLIMMIX 
procedure in SAS9.4 (SAS, 2013). The repeated measures analysis for comparing the soil 
N2O fluxes and NO3
- leaching contents under different N rates and positions was 
conducted using PROC MIXED in SAS9.4 (SAS, 2013). Data were transformed when 
necessary using SAS9.4 (SAS, 2013). The transformation was determined using the Box-
Cox method (Box and Cox, 1981; Box and Cox, 1964). The data trend test was conducted 
using the Mann-Kendall method (Gilbert, 1987; Kendall, 1975; Mann, 1945) with slopes 
estimated by the Sen Estimator (Sen, 1968) using the package “mblm” in R (Komsta, 
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2013; R Core Team, 2014). Significance was determined at α = 0.05 level for all 
statistical analysis except for the trend test where α = 0.1 due to limited degrees of 
freedom (Robert et al., 1997; Royer et al., 2007).  
 
5.3. Results 
5.3.1. Soil NO3-  
The data on soil NO3
- contents (mg kg−1) under different treatments at five depths 
from 2009 to 2013 are presented in Table 5.1, Table S5.1 and Table S5.2, and Fig. S5.1. The 
Table 5.1 showed that the N rate, position, and depth significantly impacted soil NO3
- 
contents in different years. The interactions effects of N rate × position, N rate × depth, and 
position × depth on soil NO3
- were significant for some years (Table 5.1), thereby, the data 
were analyzed separately for each depth. At the 0- to 5-cm depth, annual mean soil NO3
- 
contents under the high N rate (0.72 mg kg-1) were significantly lower than those of the 
medium (2.28 mg kg-1) and low N (3.16 mg kg-1) rates in 2010. The contents under the low 
N rate were significantly higher than the medium (80% higher) and high (104% higher) N 
rates in 2012. The contents under the low N rate was significantly 68% higher than that of 
the high N rate in 2013. At other depths, the N rate did not impact the soil NO3
- contents 
(Table S5.1).  
The position significantly impacted the NO3
- contents at 0- to 5-cm depth in 2011 
and 2012, at 5- to 15-cm depth in 2011 and 2012, at 15- to 30-cm depth from 2011 to 2013, 
and at 60- to 100-cm depth in 2009 and 2012. The annual mean soil NO3
- contents at the 
footslope were significantly higher than the backslope and shoulder up to 30-cm depth in 
these years. For example, at the 0- to 5-cm depth, the contents at the footslope were 90 and 
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111% higher in 2011 and 2012, respectively, compared with the shoulder, and 94 and 
99% higher compared with the backslope position. For the 30- to 60- and 60- to 100-cm 
depth, the contents were variable across all the years (Table S5.1).  
The interactions of N rate × position on the NO3
- contents were significant at 5- to 
15-cm depth in 2012 and 30- to 60-cm depth in 2010 (Table S5.1a and 5.1b). The results 
showed that at 5- to 15-cm depth in 2012, under the high N rate, the NO3
- contents at the 
footslope (2.88 mg kg-1) were significantly higher than the backslope (1.28 mg kg-1) and 
shoulder (0.96 mg kg-1). At the footslope position, the content under the high N rate (2.88 
mg L-1) was significantly higher than the medium (1.33 mg kg-1) N rate (Table S5.2). The 
NO3
- contents generally decreased with the increase in soil depth. For each depth, the annual 
mean soil NO3
- content followed an upward parabola curve over the five observed years for 
each N rate and position (Fig. S5.1).   
5.3.2. Soil NO3- Leaching 
Soil NO3- leaching contents under different N rates and positions for the 100-cm 
depth in 2009-2015 were presented in Table 5.2, Table S5.3, and Table S5.4. The N rate 
did not impact soil NO3
- leaching contents for each year (Table 5.2). However, the 
landscape position significantly influenced the NO3- leaching contents. Annual contents 
at the footslope (5.55 mg L-1) were significantly higher than the shoulder (2.08 mg L-1) in 
2009. The contents at footslope (1.17 mg L-1) were significantly higher than the the 
backslope (0.52 mg L-1) and shoulder (0.48 mg L-1) in 2011 (Table 5.2). The interactions 
of position × time on the NO3- leaching contents were significant in 2010 and 2011 (Table 
5.2). The time effect on the contents was significant for each N rate and position. The effects 
of all interactions (position × time and N rate × time) on the contents were not significant 
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(Table S5.3).  
Trend test showed that the annual mean soil NO3- leaching contents for each rate 
and position were in a downtrend over the observed years (slopes were negative), and the 
downtrends under the high and low N rates and the backslope and footslope positions 
were significant (P< 0.1) (Table S5.4). These downtrends and their functions (quadratic 
functions) were presented in Fig. 5.1. Furthermore, the daily mean NO3- leaching contents 
presented a downtrend curve with a quadratic function: y = 0.013x2 - 0.48x + 4.55 (R² = 
0.88) over the observed days in 2009-2015. The peaks of the observation were 5.05, 2.36, 
1.58, 0.89, 0.41, and 1.06 mg L-1 in 2009, 2010, 2011, 2013, 2014, and 2015, respectively 
(Fig. S5.2A). 
5.3.3. Soil N2O Fluxes 
Soil N2O fluxes under different N rates and positions from 2010 through 2015 are 
presented in Table 5.3, Table S5.4, Table S5.5, Fig. 5.2, and Fig. 5.3. Annual mean soil 
N2O fluxes under the high N rate were significantly greater than those under the low N 
rate for 2014 (30% higher). In 2015, the fluxes under the high N rate were significantly 
greater than the medium N rate (24% higher), which were significantly greater than the 
low N rate (55% higher). The fluxes at the footslope were significantly greater than the 
shoulder in 2014 (61% higher) and 2015 (38% higher). Among the N rates, the highest 
and the lowest fluxes were observed with the high N rate in 2009 (4.17 g ha-1 d-1) and 
with the low N rate in 2014 (1.09 g ha-1 d-1), respectively. Among the positions, the 
highest and the lowest fluxes were observed at the footslope in 2009 (3.86 g ha-1 d-1) and 
the shoulder in 2014 (0.94 g ha-1 d-1). The time effects on the fluxes were significant in all 
the five observed years (Table 5.3). Moreover, the trend test showed that the fluxes for each 
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N rate and position followed a downtrend over the observed years (slopes were negative), 
and these downtrends were significant (P< 0.1) (Table S5.4). The downtrends and their 
functions (quadratic functions) are presented in Fig. 5.2. 
 The daily mean soil N2O fluxes under different N rates and positions followed a 
downtrend quadratic curve over the observed days from 2009 through 2015, and the flux 
peaks generally coincided with that of temperature and precipitation in each growing 
season. The fluxes under the high N rate were generally greater than the medium and low 
N rates. The footslope generally had higher N2O fluxes compared with the shoulder 
position. Under the high N rate, the observed peaks were 9.70, 4.46, 4.54, 2.37, and 3.35 
g ha-1 d-1 in 2010, 2011, 2012, 2014, and 2015, respectively. At the footslope, the peaks 
were 5.94, 5.22, 4.73, 2.59, and 3.09 g ha-1 d-1 in 2010, 2011, 2012, 2014, and 2015, 
respectively (Fig. 5.3). Furthermore, the seasonal analysis showed that the N rate had a 
significant influence on the flux in Sep-Oct in 2014 and May-Jun, Jul-Aug, and Sep-Oct 
in 2015 (fluxes under high > medium > low N rate). Under the high N rate, the highest 
flux was observed in May-Jun of 2010 (5.33 g ha-1 d-1), which was 1.6, 2.8, 3.0, and 3.1 
times higher compared to those in May-Jun of 2011, 2012, 2014, and 2015, respectively. 
The position significantly impacted the flux in Jul-Aug and Sep-Oct in 2014, and May-
Jun, Jul-Aug, and Sep-Oct in 2015 (fluxes at footslope > shoulder position). At footslope, 
the highest flux was observed in May-Jun of 2010 (4.51 g ha-1 d-1), which was 1.3, 2.5, 
2.2, and 2.9 times higher compared to those in May-Jun of 2011, 2012, 2014, and 2015, 
respectively (Table S5.5).  
 
5.4. Discussion 
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5.4.1. Soil NO3-, NO3- Leaching, and N2O Fluxes 
This study showed that N rate under switchgrass field significantly impacted the 
soil NO3
- in the 0- to 5- and 5- to 15-cm depths (Table 5.1, S5.1, and S5.2) and N2O fluxes in 
2014 and 2015 (Table 5.3), but did not impact soil NO3
- leaching for all the observed years 
(Table 5.2). These findings provide a unique insight into the mechanism of N dynamics in 
switchgrass field. At this study site, the major N input was N fertilizer and output mainly 
included switchgrass yield, NO3
- leaching, and N2O fluxes. At the 0- to 5- and 5- to 15-cm 
depths, soil NO3
- contents under low N rate was generally higher than the medium rate, 
which was greater than the high N rate (Table S5.1a). This was mainly related to two 
processes. The first process was switchgrass uptake of soil NO3
- at the 0- to 15-cm depth. 
The most soil NO3
- in the depth was taken up by the switchgrass because its total root length 
and area in the depth were 46% and 42% of those in the 0- to 100-cm depth (data not 
shown), respectively. The switchgrass yield under the high and medium N rates (high N 
rate > medium N rate) were significantly greater than the low N rate (Fig. S5.3). Therefore, 
more soil NO3
- under the high and medium N rates can be taken up by switchgrass 
compared with the low N rate. The second process was the conversion of soil NO3
- into 
gaseous emissions in the 0- to 15-cm depth [the emissions through denitrification process 
is generally limited to topsoil (Lamb et al., 2014)]. It can consume more soil NO3
- under the 
higher N rates than the low N rate due to the fact that the N2O fluxes under the high or 
medium N rates were greater than the low N rate (Table 5.3), which is in accord with 
previous studies (Schmer et al., 2012). The two processes could lead to higher soil NO3
- 
content under the low N rate than the higher N rates (Table S5.1a). These can also elucidate 
the observation that the N rate did not impact NO3
- leaching at 100-cm depth (Table 5.2), 
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which differs from the previous studies for other crops (e.g., Behnke et al., 2012; 
Ludwick et al., 1976; Squires, 2013).  
Furthermore, the N rate impacted soil N2O fluxes in 2014 and 2015 but did not 
impact in 2010-2012 (Table 5.3 and Table S5.5). This is primarily due to the impacts of N 
rate on the parameters that determine soil N2O fluxes. These parameters were reported 
separately in previous studies. Based on the results of the previous studies (Lin et al., 
2000; Tian et al., 2010a; Tian et al., 2010b), the equation for calculating soil N2O flux 
was given:  
N2O flux = (0.001×Nnit+Ndenit)×(10
(θ/Φ×0.026-1.66))/(1+10(θ/Φ×0.026-1.66))        [1] 
where Nnit and Ndenit are the nitrification and denitrification rate, respectively, Φ is the 
soil porosity, and θ is the soil volumetric water content. The Nnit and Ndenit were given by 
Parton et al. (2001) after synthesizing the results of previous studies: 
Nnit = Netmin×K1 + Kmax×NH4×F(t)×F(WFPS)×F(pH)                               [2] 
Ndenit = 0.5 atan(0.6π (0. l×WFPS - a))/π                                                   [3] 
where Netmin is the daily net N mineralization from the SOM decomposition, K1 is the 
fraction of Netmin (K1 = 0.20), NH4 is the soil ammonium concentration, Kmax is the 
maximum fraction of NH4
+ nitrified (Kmax = 0.10), t is the soil temperature, WFPS is 
water-filled pore space [WFPS = θ/(1- ρb/2.65) (ρb, soil bulk density)], and F is function 
that indicates the effect of the parameter on nitrification rate, a is a function of soil gas 
diffusivity (D/D0) and heterotrophic respiration (CO2-het), D/D0 is a function of WFPS, ρb, 
and θ at field capacity. Combining above equations, the N2O flux is a function of t, θ, ϕ, 
Netmin, NH4, WFPS, pH, ρb, D/D0, and CO2-het. In this study site, t and θ were not related 
to N rate. The N rate could increase Netmin through increasing SOM (Brown et al., 2000; 
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Frank et al., 2004), resulting in the increase of Nnit based on Eq. 2 (Parton et al., 2001). 
However, the impact of Nnit on N2O fluxes is relatively very smaller than that of Ndenit 
because the proportion of nitrification and denitrification product released as N2O fluxes 
are 0.001 and 1, respectively, based on Eq. 1. The N rate did not impact ρb and pH in 
2010-2013 (data not shown). WFPS is calculated using θ and ρb, thereby, it is also not 
significantly different among different N rates (Fig. S5.5). D/D0 is a function of WFPS, 
ρb, and θ at field capacity. NH4 was increased with N rates but it usually does not 
accumulate in the soil (Woodruff and Ruger, 1948). CO2-het was not significantly different 
among different N rates (Mbonimpa et al., 2015). Therefore, this could be the reason that 
N2O fluxes among different N rates were not significantly different based on Eq. 1-3. In 
2014 and 2015, however, the increase in SOC and TN at 0- to 5-cm and 5- to 15-cm 
depths after five years of continuous N application could enhance denitrification rate 
under the high and medium N rates than the low N rate (Chantigny et al., 1998; Helgason 
et al., 2005; Luce et al., 2011), resulting in the significant difference of the N2O fluxes 
between high or medium N rates and low N rate (Table 5.3). 
5.4.2. Topography Impacts on Soil NO3-, NO3- Leaching, and N2O Fluxes 
Topography (landscape position) significantly impacted the soil NO3
- (Table S5.1), 
NO3
- leaching (Table 5.2), and N2O fluxes (Table 5.3) in some years. Topography can 
strongly impact soils through soil erosion and changes in SOM distribution (Guzman and 
Al-Kaisi, 2011). The shoulder and backslope positions are generally eroded, and 
footslope position is usually deposited (McCarty and Ritchie, 2002), thus, the soil 
nutrients and SOM are normally accumulated at the footslope (Papiernik et al., 2007). 
Subsequently, the soil NO3
- content at the footslope was significantly higher than the 
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upper positions (Table S5.1).  
Soil NO3- leaching is a physical event (Lamb et al., 2014). It occurs through the 
movement of soluble NO3- with water in the soil that must be permeable for water 
movement (IPNI, 2015). At this study site, the landscape slope ranges from 2-20% slope, 
therefore, water moves through the soil from the shoulder and backslope to the footslope 
(downslope) position because of the higher kinetic energy of water, resulting in higher 
NO3
- leaching contents at the footslope. In contrast, water at the backslope position 
unable to stay for longer duration because of the higher slope, leading to lower NO3
- 
leaching content at the backslope compared with the footslope and shoulder positions. 
Therefore, the NO3
- leaching contents at the footslope were significantly higher than the 
other positions. 
N2O fluxes at the shoulder and footslope positions were not significantly different 
in 2010-2012 but significantly different in 2014 and 2015. Soil ρb and pH at the footslope 
positions were lower than at the shoulder but θ at the footslope was higher in 2010-2013 
(data not shown). Therefore, the WFPS at the shoulder position is not significantly 
different from that of the footslope (Fig. S5.6), leading to similar Ndenit between the 
shoulder and the footslope based on Eq. 3. Because the denitrification is the principal 
pathway by which the N2O emissions enter the atmosphere (Bouwman, 1990; Weier et 
al., 1993), the similar Ndenit between the shoulder and footslope could result in the similar 
N2O fluxes between the shoulder and footslope in 2010-2012. However, in 2014 and 
2015, the perennial switchgrass had been planted for five and six years, respectively, the 
difference of ρb or pH between the footslope and shoulder at the 0- 5- and 5- to 15-cm 
depths could be higher than in 2010-2012, resulting in higher difference of Ndenit between 
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the footslope and shoulder. This could lead to that the N2O fluxes at the footslope 
significantly higher than the shoulder in 2014 and 2015. 
5.4.3. Temporal Variations of Soil NO3-, NO3- Leaching, and N2O Fluxes  
Data showed that time significantly impacted the soil NO3
-, NO3
- leaching, and N2O 
fluxes. Soil NO3
- contents generally had an upward parabola curve from 2009 to 2013 
(Fig. S5.1). The soil NO3
- contents in 2009 were higher than those in 2010 (Table S5.1 and 
Fig. S5.1). This was primarily attributed to the fact that switchgrass was planted in 2008, 
and it had very poor stand during the establishment (2008) year, thereby, soil NO3
- was 
hardly taken up by switchgrass. Furthermore, due to the poor stand, switchgrass was not 
harvested and left in the field in 2008. Meanwhile, the soil NO3
- was continually supplied 
through the natural processes of mineralization and nitrification of SOM (Randall and 
Mulla, 2001). During fall of 2009, switchgrass was harvested, indicating that higher soil 
NO3
- was removed in 2009, resulting in lower soil NO3
- content in 2010. Similarly, the 
continuous harvest of switchgrass in 2010 and 2011 led to the lower soil NO3
- contents in 
2011 and 2012. However, soil NO3
- contents in 2013 were observed higher compared with 
those of 2010, 2011, and 2012 (Fig. S5.1). The possible reason for this is that the deep 
rooting system with an abundant and dense network of switchgrass has more arbuscular 
mycorrhizal (AM) fungi in 2013 during which there are proper temperature and 
precipitation, compared with 2010-2012. The more AM can increase N mineralization 
from SOM and availability of N to the plant, particularly, significant in soils with low 
nutrient status (Jackson et al., 2008). This indicated that planting switchgrass can store N 
nutrient to improve soil fertility. 
Soil NO3
- leaching contents followed a downtrend over time (2009-2015) (Table 
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S5.4, Fig. 5.1, and Fig. S5.2), which is in accord with previous results (Christian and 
Riche, 1998; Liu et al., 2003). However, the reasons for this observation in the present 
study differed from the previous studies. In this study, it is primarily attributed to the fact 
that (i) the annual precipitation followed a slight downtrend from 2009 to 2015 (Fig. 
S5.4). Lower precipitation could result in less soil moisture, which can decrease 
denitrification rate, reducing the nitrate available for leaching (McIsaac et al., 2010). The 
positive correlation between the daily mean NO3
- leaching contents and monthly 
precipitation (they had a time downtrend) (r=0.22) (Fig. S5.2) also supported the result. 
(ii) abundance of AM fungi of the switchgrass can enlarge the nutrient interception zone, 
preventing the nutrient loss after rain-induced leaching events, reducing the volume of 
soil leachate (Asghari et al., 2005; van der Heijden, 2010), and can enhance rates of N 
immobilization, reducing the risk of N leaching (Cavagnaro et al., 2015). This indicated 
that the growing switchgrass can reduce the N loss via leaching. 
Soil N2O fluxes had a downtrend quadratic curve over the years in switchgrass field 
(Fig. 5.2 and Table S5.4). This could mainly be attributed to the facts that switchgrass has 
perennial deep rooting systems (Blanco-Canqui, 2010; Bouwman, 1990; Clark et al., 
1998) and that the soil has not been disturbed (not cultivated) since the switchgrass was 
established in 2008. (i) They can increase SOM concentration (Thomas et al., 1996) and 
lower ρb (Clark et al., 1998) over the years. The increasing SOM can increase Netmin, 
resulting in the increase of Nnit based on Eq. 2 (Parton et al., 2001), while the decreasing 
ρb over time can reduce WFPS, which can decrease Nnit and Ndenit over the years based on 
Eq. 2 and 3, respectively (Parton et al., 2001). The negative effect of ρb on Nnit could 
offset partial position effect of SOM on Nnit, which is not main pathway to produce soil 
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N2O emissions [0.001 and 1 are the proportion of nitrification and denitrification product 
released as gaseous nitrogen, respectively, based on Eq. 1 (Lin et al., 2000; Tian et al., 
2010a; Tian et al., 2010b)]. The principal pathway that the N2O emissions are produced 
from soils is the denitrification (Bouwman, 1990; Weier et al., 1993). Therefore, the 
decreasing Ndenit resulting from the decreasing ρb is the main factor in impacting soil N2O 
fluxes over the years, leading to a downtrend of soil N2O fluxes over the years. (ii) The 
deep roots can also increase water infiltration rate over time (Katsvairo et al., 2007), 
resulting in more leaching of NO3
- in topsoil over time. This reduces the source of N for 
denitrifying bacteria over time (Hofstra and Bouwman, 2005), resulting in a downtrend of 
the soil N2O fluxes over the years. (iii) the switchgrass deep root system can translocate 
SOC to deeper layers, reducing decomposition of the SOC, promoting long-term C 
sequestration (Frank et al., 2004), reducing the microbial processes over years (Blanco-
Canqui, 2010; Liebig et al., 2005). Thus, the N2O fluxes could follow a downtrend over 
time. These findings indicated that the growing perennial switchgrass can reduce the N2O 
fluxes over time. However, the function of deep roots on mitigation of soil N2O emission 
over time cannot be overestimated. The deep roots cannot continually and infinitely 
reduce N2O emission over time. The N2O fluxes could be reduced over the several years 
after switchgrass establishment, then keep a stable flux with slight fluctuations over the 
years (Fig. 5.2).  
 
5.5. Conclusions 
We concluded that (i) the N rate impacted soil NO3
- only at the top-soil and N2O 
fluxes after five years of continuous growing switchgrass since 2008, but did not impact 
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soil NO3
- leaching, (ii) the medium N (56 kg N ha-1) rate is the optimal rate for the 
switchgrass to both increase the biomass yield with reduced soil N2O emissions and NO3
- 
leaching, (iii) the topography impacted the N dynamics. Soil NO3
-, NO3
- leaching and soil 
N2O fluxes were, in general, higher at the footslope compared to the other positions. This 
study concluded that switchgrass seeded on marginally yielding cropland can store N 
nutrient to improve soil fertility, reduce N leaching, and mitigate N2O emissions from soils 
to the atmosphere over time. 
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Table 5.1. Type III tests of fixed effects results (P>F) from the mixed model analysis of 
variance (ANOVA) for soil NO3
- content under different N rates, positions, and depths 
for each year.  
 
Treatment† 
Soil NO3
- 
2009 2010 2011 2012 2013 
 ---------------- mg kg-1 ---------------- 
N 0.40 0.02 0.29 0.03 0.47 
P 0.37 0.06 <0.001 <0.001 0.086 
N × P 0.09 0.65 0.27 <0.001 0.28 
D 0.02 <0.001 <0.001 <0.001 <0.001 
N × D 0.72 <0.001 0.31 0.57 0.77 
P × D 0.16 0.17 0.03 0.60 0.003 
N × P × D 0.80 0.88 0.91 0.99 0.17 
                                                 †N, N rate; P, position; D, depth. Significance level α = 0.05. 
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Table 5.2. Annual mean soil nitrate (NO3
-) leaching content for the 100 cm depth from 
2009 to 2015 under high, medium, and low N rates applied to switchgrass seeded at 
shoulder, backslope, and footslope positions. 
 
  Soil NO3
- Leaching  
Treatments 2009 2010 2011 2014 2015 
 
------------------ mg L-1 ------------------ 
N rate      
  High 3.49a† 1.96a 0.80a 0.29a 0.47a 
  Medium - 0.78a 0.51a 0.17a 0.36a 
  Low 4.12a 2.85a 0.79a 0.22a 0.35a 
Position      
  Shoulder 2.08b 1.22a 0.48b 0.23a 0.53a 
  Backslope 3.43ab 1.48a 0.52b 0.20a 0.30a 
  Footslope 5.55a 2.83a 1.17a 0.23a 0.26a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.32 0.056 0.54 0.36 0.93 
Position (P) 0.025 0.26 0.078 0.91 0.27 
N rate×P 0.54 0.68 0.77 0.75 0.55 
Time 0.16 0.001 <0.001 0.23 0.16 
N rate×Time 0.20 0.39 0.95 0.28 0.68 
P×Time 0.75 0.04ǂ 0.025ǂ 0.35 0.27 
N rate×P×Time 0.25 0.57 0.65 0.18 0.46 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate.  
ǂThe effects of Position × Time were significant, thereby, the data were analyzed 
separately for each N rate and position (Table S5.3).    
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Table 5.3. Annual mean soil N2O fluxes from 2010 to 2015 under high, medium, and low 
N rates applied to switchgrass seeded at shoulder, backslope, and footslope positions. 
 
Treatment 
Soil N2O Fluxes  
2010 2011 2012 2014 2015 
 ----------------- g ha-1 d-1 ---------------- 
N rate      
  High 4.17a† 2.65a 2.18a 1.42a 2.15a 
  Medium 3.21a 2.53a 2.04a 1.16ab 1.74b 
  Low 2.89a 2.16a 1.74a 1.09b 1.12c 
Position      
  Shoulder 3.09a 2.27a 1.90a 0.94b 1.40b 
  Footslope 3.86a 2.58a 2.04a 1.51a 1.93a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.10 0.90 0.86 0.01 <0.001 
Position 0.20 0.65 0.99 <0.001 <0.001 
N rate×Position 0.96 0.93 0.91 0.79 0.84 
Time 0.06 0.002 0.003 <0.001 <0.001 
N rate×Time 0.16 0.36 0.25 0.15 0.65 
Position×Time 0.57 0.42 0.52 0.051 0.81 
N rate×Position 
   ×Time 
0.86 0.59 0.32 0.92 0.88 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate. 
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Table S5.1a. Annual mean soil nitrate (NO3
-) content for the 0- to 5- and 5- to 15-cm depths 
from 2009 to 2013 under high, medium, and low N rates applied to switchgrass seeded at 
shoulder, backslope, and footslope positions. 
 
Treatments 
Soil NO3
- 
2009 2010 2011 2012 2013 
 --------------- mg kg-1 -------------- 
 0-5-cm depth 
N rate       
  High 5.79a†  0.72b 2.00a 1.54b 3.18b 
  Medium 6.07a 2.28a 2.74a 1.74b 4.11ab 
  Low 6.88a 3.16a 2.95a 3.14a 5.34a 
Position      
  Shoulder 5.98a 1.74a 1.98b 1.54b 3.73a 
  Backslope 5.63a 1.79a 1.94b 1.63b 4.11a 
  Footslope 7.14a 2.64a 3.77a 3.25a 4.78a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.68 0.012 0.11 0.03 0.04 
Position 0.10 0.19 <0.001 0.002 0.12 
N rate×Position 0.38 0.67 0.42 0.22 0.34 
 5-15-cm depth 
N rate       
  High 4.99a 0.49a 1.54a 1.07a 3.83a 
  Medium 5.29a 0.55a 1.54a 1.10a 3.68a 
  Low 5.62a 0.59a 1.67a 1.71a 4.17a 
Position      
  Shoulder 5.61a 0.52a 1.29b 0.95b 3.79a 
  Backslope 5.27a 0.53a 1.32b 1.05b 3.77a 
  Footslope 5.02a 0.58a 2.12a 1.88a 4.12a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.96 0.3 0.68 0.09 0.49 
Position 0.40 0.42 <0.001 <0.001 0.91 
N rate×Position 0.60 0.85 0.60 0.03ǂ 0.67 
†Means within the same column followed by different small letters are 
significantly different at P<0.05 for landscape position and N rate.  
ǂ The effect of N rate × Position was significant, thereby, the data were analyzed 
separately for each N rate and position (Table S5.2). 
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Table S5.1b. Annual mean soil nitrate (NO3
-) content for the 15- to 30- and 30- to 60-cm 
depths from 2009 to 2013 under high, medium, and low N rates applied to switchgrass 
seeded at shoulder, backslope, and footslope positions. 
 
Treatments Soil NO3
- 
2009 2010 2011 2012 2013 
 ---------------- mg kg-1 ---------------- 
 15-30-cm depth 
N rate       
  High 4.72a†  0.40a 0.88a 0.51a 1.73a 
  Medium 7.15a 0.42a 0.77a 0.65a 1.66a 
  Low 5.14a 0.42a 0.94a 1.00a 0.61a 
Position      
  Shoulder 5.70a 0.40a 0.60b 0.45b 0.84b 
  Backslope 5.44a 0.40a 0.60b 0.43b 1.24b 
  Footslope 5.87a 0.44a 1.39a 1.29a 1.74a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.23 0.58 0.53 0.2 0.86 
Position 0.86 0.21 <0.001 <0.001 0.01 
N rate×Position 0.55 0.97 0.99 0.17 0.43 
 30-60-cm depth 
N rate       
  High 4.75a 0.39a 0.47a 0.29a 3.29a 
  Medium 5.24a 0.38a 0.46a 0.35a 3.37a 
  Low 4.89a 0.38a 0.54a 0.64a 3.70a 
Position      
  Shoulder 4.93a 0.40a 0.46a 0.29a 3.38a 
  Backslope 4.76a 0.38a 0.36a 0.28a 3.50a 
  Footslope 5.19a 0.38a 0.65a 0.71a 3.49a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.36 0.73 0.61 0.31 0.19 
Position 0.64 0.44 0.12 0.06 0.80 
N rate×Position 0.15 0.008ǂ 0.88 0.23 0.18 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate.  
ǂThe effect of N rate × Position was significant, thereby, the data were analyzed 
separately for each N rate and position (Table S5.2).    
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Table S5.1c. Annual mean soil nitrate (NO3
-) content for 60- to 100-cm depths from 2009 to 
2013 under high, medium, and low N rates applied to switchgrass seeded at shoulder, 
backslope, and footslope positions. 
 
Treatments Soil NO3
- 
2009 2010 2011 2012 2013 
 ---------------- mg kg-1 ---------------- 
 60-100-cm depth 
N rate       
  High 4.54a† 0.38a 0.54a 0.21a 1.87a 
  Medium 5.39a 0.39a 0.38a 0.25a 3.56a 
  Low 4.59a 0.37a 0.38a 0.60a 3.23a 
Position      
  Shoulder 4.51b 0.36a 0.32a 0.17b 3.75a 
  Backslope 4.62b 0.37a 0.30a 0.19b 2.20a 
  Footslope 5.40a 0.40a 0.67a 0.70a 2.50a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.06 0.57 0.88 0.42 0.22 
Position 0.03 0.06 0.06 0.03 0.15 
N rate×Position 0.36 0.12 0.54 0.50 0.39 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for landscape position and N rate. 
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Table S5.2. Mean soil NO3
- content at the 30-60-cm depth in 2010 and 5-15-cm depth in 
2012 for each N rate and position. 
 
Treatments 
Soil NO3
- 
30-60-cm depth in 2010 5-15-cm depth in 2012 
 ---------------------------------- mg kg-1 -------------------------------- 
  Shoulder   Backslope   Footslope  Shoulder   Backslope   Footslope 
High 0.40aA† 0.36aA 0.39aA 0.96aB 1.28aB 2.88aA 
Medium 0.36aA 0.37aA 0.41aA 1.18aA 0.81aA 1.33bA 
Low 0.43aA 0.41aA 0.34aA 0.72aA 1.05aA 1.44abA 
†Means within the same column followed by different small letters are significantly different at P<0.05 for 
N rate. Means within the same row followed by different capital letters are significantly different at P<0.05 
for position. 
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Table S5.3. Annual mean soil NO3
- leaching content at the 100 cm depth in 2010 and 
2011 for each N rate and position. 
 
Soil NO3- Leaching  
Treatment 2010 2011  Treatment 2010 2011 
  mg L-1    mg L-1 
High Shoulder 1.50a† 0.51a  Shoulder High 1.50a 0.51a 
 Backslope 1.50a 0.61a   Medium 0.55a 0.50a 
 Footslope 2.76a 1.32a   Low 1.56a 0.44a 
  P>Fǂ    P>F 
 Pos 0.64 0.40   N rate 0.20 0.93 
 Time 0.15 <0.001   Time 0.017 <0.001 
 Pos×Time 0.78 0.35   N rate×Time 0.17 0.38 
Medium Shoulder 0.55a 0.50a  Backslope High 1.50a 0.61a 
 Backslope 1.10a 0.44a   Medium 1.10a 0.44a 
 Footslope 0.73a 0.62a   Low 1.76a 0.54a 
  P>F    P>F 
 Pos 0.39 0.29   N rate 0.75 0.52 
 Time 0.14 <0.001   Time 0.02 <0.001 
 Pos×Time 0.21 0.05   N rate×Time 0.70 0.61 
Low Shoulder 1.56a 0.44a  Footslope High 2.76a 1.32a 
 Backslope 1.76a 0.54a   Medium 0.73a 0.62a 
 Footslope 4.92a 1.60a   Low 4.92a 1.60a 
  P>F    P>F 
 Pos 0.41 0.30   N rate 0.25 0.61 
 Time 0.002 <0.001   Time 0.23 0.003 
  Pos×Time 0.24 0.31     N rate×Time 0.74 0.95 
†Means within the same column followed by different small letters are significantly different at P<0.10 for 
landscape position and N rate. 
ǂP>F, the Type III Tests of Fixed Effects (P>F) in the mixed models. 
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Table S5.4. P-values of trend test and estimated slopes for annual mean soil NO3- leaching 
content (mg L-1) and N2O fluxes (g ha-1 d-1) from switchgrass fields under different N rates and 
landscape positions over the observed years. 
 
Treatments 
NO3
- Leaching   Soil N2O Fluxes 
Slopes† P-valuesǂ  Slopes P-values 
 mg L-1  g ha-1 d-1 
N rate      
  High -0.665 0.086  -0.425 0.086 
  Medium -0.113 0.310  -0.465 0.086 
  Low -0.928 0.086  -0.373 0.086 
Position      
  Shoulder -0.412 0.22  -0.425 0.086 
  Backslope -0.533 0.086    
  Footslope -0.987 0.086   -0.403 0.086 
†Slopes were estimated by the Sen Estimator. 
ǂP-values were from Mann–Kendall tests. Significance level α = 0.10. 
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Table S5.5. Seasonal mean soil N2O fluxes from 2010 to 2015 under high, medium, and low N rates applied to switchgrass seeded 
at shoulder, backslope, and footslope positions. 
 
Treatment 
Soil N2O Fluxes  
2010  2011  2012  2014  2015 
May-
Jun 
Jul-
Aug 
Sep-
Oct 
 Apr-
Jun 
Jul-
Aug 
Sep -
Oct 
 Apr-
Jun 
Jul-
Aug 
Sep-
Oct 
 May-
Jun 
Jul-
Aug 
Sep-
Oct 
 May-
Jun 
Jul-
Aug 
Sep-
Oct 
 --------------------------------------------------------------------g ha-1 d-1---------------------------------------------------------------------- 
N rate                    
  High 5.33a† 3.64a 3.50a  3.32a 2.69a 1.64a  1.89a 3.15a 1.62a  1.79a 1.42a 1.15a  1.70a 2.45a 2.51a 
  Medium 4.01ab 2.47a 3.37a  4.00a 2.38a 1.18a  1.91a 2.82a 1.02a  1.69a 1.21a 0.74b  1.42a 1.91b 2.04b 
  Low 2.65b 3.67a 2.46a  2.24a 3.04a 1.31a  1.53a 2.08a 1.77a  1.89a 0.96a 0.46c  0.87b 1.28c 1.30c 
Position (P)                    
  Shoulder 3.78a 2.48a 2.99a  2.69a 3.02a 1.04a  1.68a 2.51a 1.34a  1.54a 0.91b 0.52b  1.13b 1.59b 1.57b 
  Footslope 4.51a 4.00a 3.22a  3.55a 2.47a 1.60a  1.84a 2.77a 1.53a  2.02a 1.50a 1.07a  1.54a 2.13a 2.28a 
 Type III Tests of Fixed Effects (P>F) 
N rate 0.08 0.32 0.40  0.37 0.50 0.71  0.74 0.64 0.12  0.74 0.21 <.001  <.001 <.001 <.001 
P 0.89 0.06 0.52  0.10 0.25 0.69  0.95 0.57 0.19  0.23 0.008 <.001  0.015 <.001 <.001 
N rate×P 0.49 0.15 0.65  0.69 0.97 0.93  0.84 0.83 0.11  0.61 0.06 0.12  0.30 0.32 0.62 
Time 0.06 0.10 0.60  0.11 0.89 0.02  0.005 0.07 0.22  0.51 <.001 0.004  <.001 <.001 0.31 
N rate×Time 0.86 0.02 0.61  0.76 0.35 0.12  0.22 0.52 0.04  0.96 0.17 0.08  0.20 0.66 0.58 
P×Time 0.26 0.75 0.50  0.30 0.47 0.54  0.13 0.82 0.14  0.30 0.003 0.27  0.40 0.90 0.82 
N rate×P×Time 0.94 0.50 0.99   0.07 0.85 0.09   0.35 0.41 0.06   0.99 0.50 0.79   0.88 0.93 0.85 
†Means within the same column followed by different small letters are significantly different at P<0.10 for N rate and landscape position (P). 
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Fig. 5.1. Trends of annual mean soil NO3
- leaching contents (mg L-1) under (A) the three 
N rates applied to switchgrass seeded at (B) the three positions over the observed years.  
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Fig. 5.2. Trends of annual average soil N2O fluxes (g ha
-1 d-1) under (A) the three N rates 
applied to switchgrass seeded at (B) the two positions over the observed years.  
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Fig. 5.3. Trends of daily mean soil N2O fluxes (g ha
-1 d-1) from switchgrass fields under 
(A) the three N rates at (B) the two positions and (C) daily maximum (T Max) and 
minimum (T Min) air temperature and precipitation over the observed days in 2010-2015. 
 
 
 
 
 
 
147 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5.1. Distributions of annual mean soil nitrate (NO3
-) contents (mg kg-1) under (A) 
high, (B) medium, and (C) low N rates applied to switchgrass seeded at (D) shoulder, (E) 
backslope, and (F) footslope positions for the 0- to 5- (D1), 5- to 15- (D2), 15- to 30- (D3), 
30- to 60- (D4), and 60- to 100-cm (D5) depths from 2009 to 2013.  
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Fig. S5.2. Trends of (A) daily mean NO3 leaching content and (B) monthly mean 
maximum (T max) and minimum (T min) air temperature and monthly precipitation at 
the sampling days from 2009 to 2015. The Pearson coefficient (r) between the daily mean 
NO3
- leaching contents and previous monthly precipitation = 0.22. Note the monthly 
mean temperature and monthly precipitation at the given sampling day were calculated 
by dividing summation of daily temperature and precipitation from last sampling day to 
the day (approximate one month) by the number of days in the period. For the first 
sampling day in each year, the calculated period is one month before the day. ƚp-value 
was for trend test using the Mann-Kendall method. ǂSlope was estimated by the Sen 
Estimator method.   
 
 
 
 
 
149 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5.3. Trends of annual switchgrass yields (Mg ha-1) under high, medium, and low N 
rates from 2009 to 2015. †Means within the same column followed by different small 
letters are significantly different at P<0.05 for N rate. 
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Fig. S5.4. Trends of annual precipitation and mean air temperature from 2009 to 2015. 
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Fig. S5.5. Trends of (A) daily mean NO3 leaching content (B) daily water-filled pore 
space (WFPS) under high, medium, and low N rates and (C) daily mean maximum (T 
max) and minimum (T min) air temperature and daily precipitation from 2009 to 2015. 
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Fig. S5.6. Trends of (A) daily mean NO3 leaching content (B) daily water-filled pore 
space (WFPS) at shoulder and footslope positions and (C) daily mean maximum (T max) 
and minimum (T min) air temperature and daily precipitation from 2009 to 2015. 
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CHAPTER 6 
MODELING THE IMPACTS OF TEMPERATURE AND PRECIPITATION 
CHANGES ON SOIL CO2 FLUXES FROM A SWITCHGRASS STAND 
RECENTLY CONVERTED FROM CROPLAND LAND 
ABSTRACT 
Switchgrass (Panicum virgatum L.) is a perennial C4 grass native to North America and 
largely adapted to diverse environmental conditions. It offers potential to reduce soil 
surface carbon dioxide (CO2) fluxes and mitigate climate change. However, information 
on how these CO2 fluxes respond to changing climate is still lacking. In this study, CO2 
fluxes were monitored continuously from 2011 through 2014 using high-frequency 
measurements from switchgrass land seeded in 2008 on an experimental site that has 
previously used for soybean (Glycine max L.) in South Dakota, USA. DAYCENT, a 
process-based model, was used to simulate CO2 fluxes. An improved methodology CPTE 
[Combining Parameter estimation (PEST) with “trial and error” method] was used to 
calibrate DAYCENT. The calibrated DAYCENT model was used for simulating future 
CO2 emissions based on different climate change scenarios. This study showed that (i) 
the measured soil CO2 fluxes from switchgrass land were higher for 2012 and these 
fluxes when simulated using DAYCENT for long-term (2015-2070) provided a pattern of 
the polynomial curve. (ii) The simulated CO2 fluxes provided some pattern with 
temperature and precipitation changes for a long-term period. (iii) The future CO2 fluxes 
from switchgrass land under different changing climate scenarios were not significantly 
different, therefore, it can be concluded that switchgrass grown for longer durations could 
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reduce changes in CO2 fluxes from the soil as a result of temperature and precipitation 
changes to some extent. 
 
Keywords: Carbon dioxide, Switchgrass, DAYCENT, Climate change 
 
6.1. Introduction 
Switchgrass is a perennial C4 grass and native to North America. It can adapt to 
grow well under different local conditions (Lewandowski et al., 2003). It was first 
identified as a renewable energy source by the U.S. Department of Energy in 1985. This 
perennial grass can be used for livestock forage, soil stabilization, and wildlife cover. 
Furthermore, switchgrass can tolerate soil water deficits and low nutrient of soils (Parrish 
and Fike, 2005; Wright, 2007). The estimated US switchgrass yield could be double or 
even triple by 2025 (McLaughlin et al., 2006). However, the information regarding 
growing switchgrass on marginal lands in the northern Great Plains of America and how 
does it respond to climate change when grown in a recently converted cropland is 
lacking. 
Mitigation of carbon dioxide (CO2) emissions is a key to solve the problem of 
global warming. Previous studies have reported that the perennial crops emitted less CO2 
emissions than corn (Zea mays) or soybeans (Glycine max) (Adler et al., 2007). 
Therefore, it can be beneficial economically and environmentally to plant switchgrass on 
marginally yielding cropland areas. However, it is difficult to monitor climate change 
impacts associated with CO2 fluxes. Furthermore, monitoring these CO2 fluxes across the 
region from all possible environmental and soil conditions is very difficult (De Gryze et 
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al., 2010). Therefore, the process-based ecosystem models provide an alternative to 
simulate CO2 emissions for all possible permutations of land management and 
environmental factors in local sites.  
DAYCENT model (Parton et al., 1998), the daily version of the CENTURY 
(Parton, 1996; Parton et al., 1987), was selected in this study. It is a fully resolved 
ecosystem model that can simulate major ecosystem processes and changes in soil 
organic matter, plant productivity, nutrient cycling (i.e., N, P, and S), CO2 respiration, 
and soil water (De Gryze et al., 2010). However, the model must be calibrated and 
validated using the measured data under the specific environmental conditions to better 
assess the impacts of long-term scenarios (De Gryze et al., 2010; Smith et al., 1997). The 
methods of calibrating DAYCENT used in previous studies (e.g., Chamberlain et al., 
2011; Davis et al., 2010) were “trial and error” method, which is a good method but 
limited because it cannot obtain the best-fit values of parameters manually. Another 
method is the statistical inverse modeling that the measured data are used as inputs into 
the models to tune the model parameters using computer automatically according to 
mathematical and statistical theories. The PEST (Parameter ESTimation) model 
(Doherty, 2010), a method of statistical inverse modeling, was chosen to calibrate the 
DAYCENT model in this study. The first statistical inverse modeling for calibrating the 
DAYCENT model using PEST was reported by Rafique et al. (2013). However, the 
method’s disadvantage is that some parameter functions and impacts in DAYCENT may 
be changed by PEST. For example, according to the Instruction of DAYCENT, almost 
parameters in fix.100 file of DAYCENT cannot be adjusted (some parameters could be 
adjusted with very small ranges). However, in the study by Rafique et al. (2013), some of 
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these parameters were calibrated by PEST. This may result in biased simulations. To 
overcome the weaknesses of using either “trial and error” or inverse modeling method 
alone for model calibration, we proposed an improved methodology, i.e., a combination 
of PEST model and trial and error called CPTE, which was described in our previous 
study (Mbonimpa et al., 2015a). In this study, the methodology was first used for the 
DAYCENT calibration, and to simulate climate change impacts on soil CO2 fluxes.    
Therefore, specific objectives of the present study were to: (i) improve the method 
of calibration to enhance the simulation of DAYCENT model and (ii) analyze the future 
long-term impacts of temperature and precipitation changes on soil surface CO2 fluxes 
from switchgrass land recently converted from cropland in South Dakota. 
 
6.2. Materials and Methods 
6.2.1. Data Measurements and Sources 
The research site was located near Bristol (45°16' 8.274"N, 97°50'8.9694"W), 
South Dakota, USA. It was arranged into 12 plots measuring 21.3 m wide and 365.8 m 
long and comprised of three landscape positions: shoulder, backslope, and footslope. 
Three N treatments (low, 0 kg N ha-1; medium, 56 kg N ha-1; and high, 112 kg N ha-1) 
were applied annually during spring beginning in 2009. Switchgrass was planted on May 
17, 2008, to a land previously used for soybean production. A detailed description of the 
study site can be found in Mbonimpa et al. (2015b).  
In this study, soil surface CO2 fluxes were measured using an LI-8100 instrument 
(Automated Soil CO2 Flux System) from plot number 103 which received the high N 
fertilizer rate and was located at the shoulder position. Soil CO2 fluxes were monitored at 
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every 2-hr interval for four years (2011, May 6 to November 1; 2012, April 4 to 
November 1; 2013, May 20 to November 13; and 2014, May 6 to October 26). The 
measured CO2 flux data were converted to daily average values which include a total of 
736 daily values, in which 85 were removed because the LI-8100 instrumentation 
misread and/or there were sudden and large unexplainable changes. Soil temperature and 
volumetric soil moisture content at 5-cm depth were measured with the soil temperature 
and moisture probes included with the LI-8100. 
The daily maximum and minimum air temperature data for 2011 to 2013 were 
measured using temperature sensor connecting to the LI-8100 instrumentation at the 
research site. The precipitation data for 2011 through 2013 was measured at the study 
site. The daily maximum and minimum air temperature and precipitation from 1956 to 
2010 and 2014 were retrieved from the nearest weather station in Webster, SD (25 
kilometers), in which precipitation from 2001 to 2010 and 2014 was retrieved from the 
nearest weather station in Bristol, SD (10 kilometers). The soil bulk density and pH data 
were 1.37 Mg m-3 and 8.09, respectively. The particle size distribution was 225 g kg-1 
clay, 377 g kg-1 silt, and 398 g kg-1 sand.  
6.2.2. Model Performance Evaluation and Statistical Analysis 
The model performance was evaluated with five widely used quantitative criteria 
(Dai et al., 2014; Moriasi et al., 2007) that include the coefficient of determination (R2, 
squared correlation coefficient), model performance efficiency (ME) (Nash and Sutcliffe, 
1970), percent bias (PBIAS) (Gupta et al., 1999), and the RMSE and RSR [the ratio of 
the root mean squared error (RMSE) to SD (standard deviation of measured data)] (Singh 
et al., 2004). The R2 is the most important criteria to compare default simulation with that 
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of calibrated simulation or validated simulation, and its acceptable range is >0.50 (Santhi 
et al., 2001). The ME is the key variable used to evaluate the model performance. If ME 
is > 0.50, the performance is an acceptable prediction. If the ME is greater than 0.65 and 
less than 0.75, the performance is “good”. If ME > 0.75, the model performance is “very 
good” (Moriasi et al., 2007). The third important criterion is RMSE-observations 
standard deviation ratio (RSR). It is calculated as the ratio of the RMSE (root mean 
square error) and standard deviation of measured data (Singh et al., 2004). Its range of 
satisfactory rating values is less than 0.70 (Moriasi et al., 2007). For the PBIAS, if its 
absolute value is less than 25% and greater than 15%, the performance is satisfactory, and 
10% < |PBIAS| < 15% for “good” performance and |PBIAS| < 10% for “very good” 
(Moriasi et al., 2007). The lower the absolute value of PBIAS, the better the performance. 
Further, paired simulated soil CO2 fluxes between different climate scenarios were 
compared using the Parallel-line method because these data are time correlated values, as 
well as each pair values, are not independent. The 0.05 of the significance level of the 
statistical hypothesis test was used. The distributions of the datasets were tested for 
normality using Kolmogorov-Smirnov test. The data analyses were performed in SAS 9.3 
(SAS, 2012). 
6.2.3. DAYCENT Model Calibration and Validation 
The DAYCENT model stand-alone version DailyDayCent 08/17/2014 was used 
for simulating soil surface CO2 fluxes in this study. The model inputs include daily 
precipitation and maximum and minimum temperature, soil texture, bulk density, pH, and 
historical land use, and field and crop management and the study site information. In this 
study, the “trial and error” method was first used to calibrate DAYCENT model. In the 
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DAYCENT model, there are 87 parameters that can be adjusted for simulating CO2, and 
for this study, a total of 29 from 87 were selected based on previous literature and 
recommendation from model developers. The parameters values were reset on the basis 
of the available information for the experimental site. Then, the model was calibrated 
manually by adjusting values of the important parameters until the adjusted parameters 
improve the simulations of CO2 fluxes. Through comparing the predicted CO2 fluxes 
with those of measured values, the R2 of 0.46, ME of 0.27, RSR of 0.85, and PBIAS of -
18.02% was obtained. These values were out of their acceptable ranges. Therefore, PEST 
model was used to calibrate further the manually calibrated DAYCENT model (called 
“PEST calibrated model”). Combined PEST and DAYCENT models (called “PEST 
calibration” or “PEST calibrated model”) were run for calibration using the most 
sensitive parameters (n = 44) and measured CO2 flux data from 2011 to 2013. The 
calibrated modeled CO2 fluxes (“PEST-MOD”) were extracted from the outputs of the 
PEST calibrated model, and then PEST-MOD vs. measured CO2 fluxes (“MEAS”) were 
compared based on four statistical criteria which showed an improved calibration and 
prediction of CO2 fluxes.  
Validation of the calibrated DAYCENT was performed using (i) measured CO2 
fluxes in 2014, (ii) measured switchgrass yield from 2009 to 2011, which was used to 
check the net primary productivity (NPP) that the model is predicting for our site. It is 
noted that if the NPP for the site is not correct, then the other simulated outputs are 
unable to match the specific local conditions (Parton et al., 1998), and (iii) soil 
temperature and soil moisture data measured from 2011 to 2013.  
6.2.4. Simulating and Analyzing Future Soil Surface CO2 Fluxes 
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The PEST calibrated DAYCENT model was used to simulate CO2 fluxes for the 
long-term duration (2015 to 2070) based on future climate change scenarios, and then 
these simulated CO2 fluxes were compared using Parallel-line method and Line charts. 
The future climate scenarios were created based on the method of incremental scenarios 
development (McCarthy, 2001). Each includes three variables: daily minimum (Tmin 
(°C)) and maximum temperature (Tmax (°C)) and precipitation (Prcp (cm)) from 2015 to 
2070 based on the format of input for the DAYCENT model. The historic weather data 
from 1959 to 2014 were used for the observed time series to create the climate change 
scenarios. Based on the distribution of the observed time series (Fig. S6.1A), the 
maximum temperature followed a slightly decreased trend from 1959 to 2014 (Fig. 
S6.1A), which was stationary over time. Therefore, the maximum temperature for all 
scenarios was expected to increase by 0.5°C from 2015 to 2070 (total 56 years). The 
average increase of manual maximum temperature is 0.5/56 °C. Then, Tmax in 2015 = 
Tmax in 1959 + 1×0.5/56°C, Tmax in 2016 = Tmax in 1960 + 2×0.5/56°C, Tmax in 2017 
= Tmax in 1961 + 3×0.5/56°C, … , Tmax in 2070 = Tmax in 2014 + 56×0.5/56°C. For the 
minimum temperature, there was an increase of 2.38°C from 1959 to 2014 (Fig. S6.1A), 
which is non-stationary over time, therefore, the future minimum temperature for the 
2015 to 2070 period could be possibly different the increased trend as compared to that of 
2015 to 2070 period. The increasing range was expected 1 through 3°C based on the fact 
of the increase of 2.38°C from 1959 to 2014 and the range reported by IPCC which 
suggested an increase in temperature roughly between 0.4°C and 2.6°C by 2060 relative 
to 1990 (IPCC, 2007). Within the range of 1 through 3°C, we set ten scenarios that 
include the minimum temperature values were increased by 1°C, 1.25°C, 1.5°C, 1.75°C, 
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2°C, 2.25°C, 2.38°C, 2.5°C, 2.75°C, and 3°C from 2015 to 2070. Therefore, the 
magnitude of the future minimum temperatures of the ten scenarios is 2.38°C + ten 
different increases from 2015 to 2070 + the observed Tmin from 1959 to 2014, 
respectively. For example, for the scenario 5, its minimum temperature is increased by 
2°C from 2015 to 2070, its daily minimum temperature in 2015 = 2.38°C + Tmin in 1959 
- 1× (2.38-2°C)/56, the daily Tmin in 2016 = 2.38°C + Tmin in 1960 - 2× (2.38-2°C)/56, 
the daily Tmin in 2017 = 2.38°C + Tmin in 1961 - 3× (2.38-2°C)/56, … , the daily Tmin 
in 2070 = 2.38°C + Tmin in 2014 - 56× (2.38-2°C)/56. Based on the same algorithm, 
Tmin in other nine scenarios were calculated. Thus, the ten scenarios of temperature 
changes were created while Prcp was kept the constant. They were assigned to x1, x2, 
…, x10, in which the x7 is corresponding to + 2.38°C (the amount of increase of 
observed minimum temperature from 1959 to 2014) and was regarded as Temperature 
Business As Usual (T-BAU). 
The 13 scenarios of precipitation change were also created. Changes in 
precipitation from y1 to y13 are corresponding to -30, -25, -20, -15, -10, -5, 0, +5, +10, 
+15, +20, +25, and +30% of the precipitation measured for 1959 to 2014. The 
frequencies of precipitation for future climate scenarios were kept same to that of 1959 to 
2014. However, the range is based on that reported by IPCC’s projected precipitation to 
be approximately between -30 to 30% across the globe by 2090 relative to 1990 (IPCC, 
2007). The y7 is the scenario with 0% of precipitation and was regarded as Precipitation 
Business As Usual (P-BAU). 
 
6.3. Results 
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6.3.1. Measured CO2 Fluxes, and DAYCENT Calibration and Validation 
Soil surface CO2 fluxes from switchgrass land varied seasonally and yearly (Fig. 
6.1A). The higher fluxes were observed in the summer of 2012. The CO2 data monitored 
from 2011 through 2013 were used for DAYCENT model calibration to develop the 
DAYCENT model, and the data from 2014 were used for validation. The most sensitive 
parameters in DAYCENT model were identified based on the scaled sensitivity values 
from PEST output. Out of 87 parameters, 44 were identified to be the most sensitive to 
simulate soil CO2 fluxes. These parameters were ranked in descending order based on the 
scaled sensitivity values presented in Supplementary data of Table 6.1 (i.e. Table S6.1 in 
Supplementary data in Appendix A). The parameters prbmn(1_1), epnfs(2), sfavail(1), 
biomax, and pramn(1_1) in the DAYCENT model were observed to be the most 
sensitive. The prbmn(1_1) is the intercept parameter for computing minimum C/N ratio 
for below ground matter as a linear function of annual precipitation. epnfs(2) is intercept 
value for determining the effect of annual evapotranspiration non-symbiotic soil N 
fixation. sfavail(1) is species specific fraction of N available to grass/crop. Biomax is 
biomass level above which the minimum and maximum C/E ratios of the new shoot 
increments equal pramn(*, 2) and pramx(*, 2) respectively. pramn(1_1) is minimum C/N 
ratio with zero biomass. Other 39 parameters were described in Table S6.1. Then values 
of the 44 parameters were adjusted for DAYCENT calibration until the adjusted 
parameters improve the simulations of CO2 fluxes.   
Data in Fig. 6.1A show that the simulated CO2 fluxes using the manual and 
DAYCENT-PEST calibration were observed similar trends with those of the measured 
fluxes. The data reported in Fig. 6.1A showed an agreement between modeled and 
 
 
163 
 
 
 
measured soil CO2 fluxes except for few unaligned peaks. The PEST calibrated 
DAYCENT (DAYCENT-PEST) provided the best prediction for CO2 fluxes compared to 
manual calibration of DAYCENT. Data in Table 6.1 showed the evaluation criteria of 
model performance for calibration and validation periods for modeling CO2 fluxes. The 
coefficient of determination (R2) value of 0.65 of the PEST calibrated DAYCENT model 
indicated that there was a strong linear relationship between the PEST calibrated and 
measured CO2 fluxes, whereas, R
2 of the manually calibrated model was 0.46 (Table 6.1). 
The percent bias (PBIAS) value of 10.28% was good for the PEST calibrated model, 
whereas, it was -18.02% for the manual model. Both the R2 and the PBIAS values of the 
PEST calibrated DAYCENT model indicated that there was not only a strong linear 
relationship but there was also a very close magnitude between the DAYCENT-PEST 
calibrated model and measured CO2 fluxes. Also, modeling efficiency (ME) of 0.56 of 
PEST calibrated model was in the acceptable range, whereas the ME value of 0.27 of the 
manual model was out of the range. Further, the RSR (ratio of RMSE to standard 
deviation (SD) of measured CO2 fluxes) value of 0.66 for the PEST calibrated model was 
reasonably good for the model performance, whereas, the manually calibrated model had 
an RSR value of 0.85, which was out of the range of satisfactory values (< 0.70). These 
results indicated that our final results of calibration of DAYCENT are “good”. 
For validation, the simulated and measured CO2 fluxes had similar trends and 
closer magnitude (Fig. 6.1B). The R2, ME, RSR, and PBIAS values of the PEST 
calibrated model vs. the manually calibrated model for the validation period were 0.63 vs. 
0.52, 0.40 vs. 0.31, 0.76 vs. 0.83, and -7.88% vs. -13.92, respectively. These values of R2 
and PBIAS for DAYCENT-PEST model were within satisfactory rating values compared 
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to those of manually calibrated model (Table 6.1). The PEST vs. manually calibrated 
models simulated the soil temperature reasonably well with values for R2, ME, RSR, and 
PBIAS of 0.86 vs. 0.86, 0.41 vs. 0.49, 0.76 vs. 0.71, and 9.78% vs. 8.36%. These values 
for simulating the soil moisture were 0.62 vs. 0.60, -5.41 vs. -4.76, 2.53 vs. 2.40, and -
36.09% vs. -33.81%, respectively. Results in Fig. 6.2A and 6.2B showed that the 
simulated soil temperature data matched closely to the measured temperature. Further, 
modeled soil moisture content provided a similar trend with the measured soil moisture 
but had a different magnitude. For switchgrass yield validation for the PEST calibrated 
model vs. the manually calibrated model, simulated yields of switchgrass from 2009 to 
2011 closely resembled the measured yields based on their PBIAS values of -1.98 
vs.0.84%, -5.19 vs. -2.50%, and -2.81 vs. 3.72% (Table 6.2). In general, the PEST 
calibrated DAYCENT model provided more satisfactory validation based on the above 
results, and hence was used for all the long-term climate scenarios. 
6.3.2. CO2 Fluxes Forecasts Using BAU Weather Data 
The PEST calibrated DAYCENT model along with the BAU weather data was 
used to simulate soil CO2 from 2011 to 2070. The simulated annual CO2 fluxes from 
switchgrass land provided a trend of the polynomial curve from 2015 to 2070 (Fig. 6.3A). 
The curve function is: y = -0.0064x3 + 0.4709x2 - 2.9065x + 422.21, where y is the 
annual CO2 fluxes, x is year from 2015 to 2070. The simulated annual average value of 
CO2 fluxes from 2015 to 2070 is 554.84 (g m
-2 yr-1) with a standard deviation of 103.68 
and 95% confidence interval [527.07, 582.61].  
6.3.3. Simulating Impacts of Changing Temperature Scenarios on CO2 Fluxes 
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The PEST calibrated DAYCENT model was used to simulate yearly CO2 fluxes 
from 2011 to 2070 based on different temperature scenarios, and then these fluxes were 
compared with the simulated CO2 fluxes using BAU (Note: The calculations of BAU 
weather data are described in the materials and methods section) (Table S6.2). Soil CO2 
fluxes were not significantly affected by a temperature increase from 1 to 3°C in long-
term (2015-2070) (Table 6.3). However, the annual means of simulated CO2 fluxes 
provided a trend of slightly linear increase with the minimum temperature increases from 
1 to 3°C (Table 6.3 and Fig. 6.4).  
The CO2 fluxes under wet, dry and BAU were provided a trend of polynomial 
curves (Fig. 6.3B). The magnitude of fluxes under these three scenarios was narrower 
from 2015 to 2048. However, the trend and magnitude of CO2 fluxes for the dry 
condition were different from those of wet and BAU beyond 2049. These fluctuations 
were wider under dry conditions than that under P-BAU and wet conditions. In contrast, 
CO2 fluxes had a similar trend with those of BAU but the magnitude of fluxes was lower 
(Fig. 6.3B).  
Fig. 6.4 shows the simulated yearly mean CO2 fluxes (g m
-2 yr-1) corresponding to 
ten temperature scenarios under P-BAU, wet (+30% precipitation), and dry conditions (-
30% precipitation). Under the wet and P-BAU condition, the CO2 fluxes increased 
slightly with the increase of temperature, whereas, these fluxes had an observable 
increased trend under a dry condition with the increase of temperature (Fig. 6.4). The CO-
2 fluxes under wet condition were less than those of dry conditions and P-BAU (Fig. 6.4). 
The soil CO2 fluxes from switchgrass land in January, February, March, and December 
were very low, whereas, these fluxes were the highest in July. The mean CO2 fluxes 
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under wet condition from May to October were less than that under P-BAU and drought 
conditions, which were similar trends and magnitudes (Fig. S6.2). The trends of monthly 
soil CO2 fluxes were similar trends of monthly temperature and precipitation (Fig. S6.2 
and S6.4). Further, rates of monthly soil CO2 fluxes based on scenarios of temperature 
changes were compared under P-BAU, wet, and drought conditions (Table S6.4). 
Comparing to the P-BAU and dry condition during the growing season from April to 
November, monthly rates of CO2 fluxes under wet condition were negative and the rates 
in June and October were the highest. However, monthly rates of CO2 fluxes under 
drought condition had different magnitudes of these rates, and lower than that under wet 
and P-BAU conditions (Table S6.4). 
6.3.4. Simulating Impacts of Changing Precipitation Scenarios on CO2 Fluxes 
The precipitation increase from +20 to +30% significantly impacted CO2 fluxes 
compared to those from P-BAU (P < 0.05), however, precipitation changes from -30% to 
+15% did not impact soil CO2 fluxes (P > 0.05) (Table 6.4).   
The mean CO2 fluxes with 1°C increase in temperature were slightly lower than 
those under temperature with BAU (T-BAU) condition (Fig. 6.5). However, a 
precipitation increase along with a 1°C increase in temperature resulted in slightly 
elevated soil CO2 fluxes (Fig. 6.6). Under T-BAU and +1°C condition, the CO2 fluxes 
had similar trends with a 2-degree polynomial curve. The data also showed that with the 
increase in precipitation from -30 to +30%P, the CO2 fluxes increased initially with 
decreased precipitation, peaked at an optimal precipitation, and then decreased to the 
lowest point under a wet condition or increased precipitation (30%P) (Fig. 6.6). For the 
T-BAU trend, the maximum CO2 fluxes were observed with -15%P and the trend 
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function was given by y = -295.14x2 - 78.277x + 539, whereas, the maximum CO2 fluxes 
with the +1°C temperature were observed with -5%P and the trend function was given by 
y = -309.7x2 - 52.764x + 531.59 (Fig. 6.6). The soil CO2 fluxes from switchgrass land in 
January, February, March, and December were very low, whereas, these fluxes were the 
highest in July. The mean CO2 fluxes under T-BAU from May to October were slightly 
greater than that under +1°C condition (Fig. S6.3). The trends of the monthly soil CO2 
fluxes were similar trends of monthly temperature and precipitation (Fig. S6.3 and S6.4). 
Further, rates of monthly soil CO2 fluxes based on scenarios of precipitation changes 
were compared under T-BAU and +1°C conditions. All of 12 monthly rates of CO2 
fluxes under T-BAU condition were positive, in which November has the biggest rate of 
4.06% and June has the least rate of 0.39% (Table S6.4). 
 
6.4. Discussion 
6.4.1. Predicted Soil CO2 Fluxes 
Our previous study on similar site concluded that climate impacted the soil 
surface CO2 fluxes (Mbonimpa et al., 2015b). However, the assessment of the potential 
climate change impacts on these fluxes in long-term is still a researchable question. This 
study showed that the CO2 fluxes from switchgrass land provided increased trends from 
2011 to 2070 using a range of different climate scenarios (Fig. 6.3A, 6.3B, and Fig. 6.5). 
These trends, however, were not a linear increase over the years but rather a polynomial. 
The latter trend resulted from interactions of the multiple factors those are influenced by 
climate. The temperature and precipitation directly control the level of soil temperature 
and moisture, respectively, which are the most important abiotic parameters impacting 
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the CO2 fluxes (Kutsch et al., 2009; Subke and Bahn, 2010). Furthermore, the future 56-
year forecasting of CO2 fluxes were predicted with 95% confidence interval for mean 
based on different climate scenarios (Table S6.2). These findings can be useful in 
developing greenhouse gas mitigation strategies. 
6.4.2. Simulated Impacts of Temperature and Precipitation on CO2 Fluxes  
Results from this study also showed that annual CO2 fluxes were not significantly 
different for all the temperature scenarios (Table 6.3). These fluxes slightly increased 
with the increase in temperature (Fig. 6.4). Similarly, CO2 fluxes with 13 precipitation 
scenarios were also not significantly different except for three scenarios (+20, +25, and 
+30%P), which resulted in lower CO2 fluxes (Table 6.4 and Fig. 6.6). These data indicate 
that impacts of long-term temperature and precipitation changes on respiration of CO2 
under local conditions were not significant. This may be because in long-term climate 
change impacts on CO2 fluxes can be minimal in switchgrass land. However, a further 
long-term research needed to support this statement.  
Soil CO2 fluxes under simulated drought conditions (-30%P) were exhibited 
wider fluctuations in the long-term (2011-2070) (Fig. 6.3B). Some studies have shown 
that soil moisture affects CO2 fluxes through its direct influence on the root and microbial 
activities, and indirect influences on the soil physical and chemical properties (Raich and 
Schlesinger, 1992; Schimel and Clein, 1996). Under drought conditions, the soil 
respiration is reduced, and it is increased under the wetter conditions (Jensen et al., 2003; 
Mbonimpa et al., 2015b). The autotrophic respiration is less susceptible to drought than 
the heterotrophic respiration (Scott‐Denton et al., 2006; Zhou et al., 2007). Thus, a wide 
range of fluctuations in CO2 fluxes under drought condition was observed compared to 
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those under P-BAU (Fig. 6.3B). Furthermore, the CO2 fluxes exhibited the slopes of 
increasing trend with increasing temperature from 1 through 3°C. These slopes were 
lower under P-BAU and wet condition compared to that with dry condition (Fig. 6.4). 
This is likely because the switchgrass performs better under soil water deficits. The 
present study site is under the humid continental climate which is still appropriate for 
switchgrass to grow well even if the precipitation amount were reduced by 30% 
compared to the P-BAU. Furthermore, the cultivar of switchgrass for the study site was 
developed for local conditions. The improved switchgrass growth could increase the 
respiration of CO2 with temperature under dry conditions compared to that under wet 
conditions. However, under wet conditions, the higher water content in soils can decrease 
air-filled porosity, increasing the stomatal resistance, decreasing the CO2 respiration 
(Kirkham, 2011).    
These results also indicate that when the temperature is kept as constant, both dry 
and wet conditions could decrease CO2 emissions (Fig. 6.6). Some studies have shown 
that the elevated soil temperature can increase the evapotranspiration from soils, 
negatively impacting soil moisture (Liu et al., 2009; Poll et al., 2013; Shaver et al., 2000). 
Moreover, it is not necessarily true that the precipitation always increases the moisture 
content in the soils. This is probably because many precipitation events are unlikely to 
rewet the deeper soils (Poll et al., 2013). The reduction in soil moisture by the soil 
warming can reduce microbial respiration in a dry condition (Liu et al., 2009). This 
inconsistency between the soil moisture and the soil respiration is probably because as 
previously mentioned, the precipitation events are unable to rewet the deeper dry soils 
(Poll et al., 2013), especially, at the shoulder position as is the case in our research site. 
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Under the waterlogged conditions, the water results in anaerobic conditions and suppress 
the CO2 emissions (Liu et al., 2002). Furthermore, when the soil moisture is between the 
dry and the waterlogged conditions, the higher water content in soils can reduce the 
transpiration due to the increased stomatal resistance (Kirkham, 2011). These conditions 
could result in a lack of oxygen in soils, subsequently decreasing the respiration. 
Therefore, the CO2 fluxes are lower under the wet conditions compared to the dry and the 
BAU.  
Soil surface CO2 fluxes were higher with the T-BAU (+2.381°C) compared to that 
with +1°C condition (Fig. 6.5). This was primarily because temperature increased CO2 
emissions with increased soil organic matter decomposition. Further, precipitation 
amount contributing to the maximum CO2 flux under T-BAU is lower than that under 
+1°C condition (Fig. 6.6). This might be explained by higher temperature values that can 
reduce soil moisture content through the evaporation process and increasing 
decomposition of organic compounds in aerobic soils. Further, the humid continental 
climate at the study site could results in the maximum CO2 fluxes under the reduced 
precipitation conditions, indicating that properly managed switchgrass in the present site 
has the potential to mitigate CO2 fluxes. The data from this study showed that increased 
precipitation with increased temperature produced higher CO2 fluxes. These findings 
were also supported by other researchers who showed that the main driving factors 
affecting the soil respiration are the temperature, precipitation, or interaction between 
temperature and precipitation (Do, 2008). The interactions of soil temperature and 
moisture drive the soil respiration in most ecosystems (Kanerva et al., 2007; Li et al., 
2006). A regression analysis showed that the soil moisture positively affected the 
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correlation between soil temperature and soil respiration (Poll et al., 2013). The increase 
in CO2 fluxes under the high-temperature condition is likely due to the increased plant 
biomass, subsequently increasing the carbon flow to soils as the temperature increases 
under adequate precipitation condition (Kanerva et al., 2007).  
 
6.5. Conclusions 
Soil surface CO2 fluxes are strongly influenced by climate, however, evaluating 
impacts of different climate scenarios on these fluxes in long-term is difficult without 
modeling tools. Our previous study that included measured CO2 data for 3 years showed 
that climate significantly impacted the CO2 fluxes. Therefore, this study was conducted to 
assess the long-term impacts of climate on CO2 fluxes from switchgrass land recently 
converted from cropland. DAYCENT model was used for assessing the climate change 
scenarios. The calibration of this model was improved using a new (CPTE) methodology 
that combines the “trial and error” and PEST model to reduce the biases of model 
predictions. The four data (CO2 fluxes of 2014, switchgrass yield from 2009 to 2011, and 
soil temperature and soil moisture from 2011 to 2013) were used for validating the 
model. Then the calibrated and validated DAYCENT model was used to simulate and 
analyze future CO2 fluxes.  
The results from this study showed that measured soil CO2 fluxes were higher for 
2012, and these fluxes, when simulated for long-term (2015-2070), provided an increased 
pattern of the polynomial curve. The simulated CO2 fluxes provided some pattern with 
temperature and precipitation changes for a long-term period. The simulation results also 
showed that the future CO2 emissions from switchgrass land in South Dakota, generally, 
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would be insignificantly different with temperature and precipitation, therefore, 
switchgrass grown for longer durations could reduce changes in CO2 fluxes from soil as a 
result of temperature and precipitation changes within the ranges of the climate scenarios 
to some extent. However, the assessment of the climate change impacts based on just one 
parameter is not sufficient, therefore, the future work needed that include a systematical 
analysis of different parameters such as greenhouse gas (GHG) fluxes, soil organic 
carbon, total nitrogen, and other data from the switchgrass land. 
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Table 6.1. Evaluation criteria for comparing soil surface CO2 fluxes (g m
-2 day-1), soil 
temperature (◦C), and soil moisture (cm3/cm3) between measured and modeled data using 
manually calibrated DAYCENT (Manual) and PEST calibrated DAYCENT (PEST) 
model for calibration and validation. 
 
Evaluation 
Criteria† 
Calibration   Validation  
CO2  CO2 Soil Temperature Soil Moisture 
Manual PEST   Manual PEST Manual PEST Manual PEST 
R2([0.5,1)) 0.46 0.65  0.52 0.63 0.86 0.86 0.60 0.62 
ME([0.5, 1)) 0.27 0.56  0.31 0.40 0.49 0.41 -4.76 -5.41 
RSR([0.7, 0)) 0.85 0.66  0.83 0.78 0.71 0.76 2.40 2.53 
PBIAS([25%, 0)) -18.02 -10.28   -13.92 -7.88 8.36 9.78 -33.81 -36.09 
†R2 = coefficient of determination; ME = modeling efficiency; RSR = the ratio of the root mean squared 
error to standard deviation of measured data; and PBIAS = percent bias (%). 
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Table 6.2. Comparison of modeled and measured switchgrass yield (g m-2 yr-1) for 
validation. 
 
Year Measured 
DAYCENT-PEST   DAYCENT 
Modeled PBIAS (%)  Modeled PBIAS (%) 
2009 303.88 297.87 -1.98  300.37 0.84 
2010 566.69 537.30 -5.19  523.87 -2.50 
2011 545.21 529.89 -2.81  549.61 3.72 
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Table 6.3. Statistical results of comparing simulated future soil CO2 fluxes (g m
-2 yr-1) 
based on different temperature scenarios.  
 
CO2 Fluxes - Temperature Changes 
Var† Mean±SD L95%CI U95%CI p-value‡ 
x1 533.19 ± 115.33 503.40 562.98 x1/x7:0.63 - 
x2 533.00 ± 115.33 503.21 562.80 x2/x7:0.62 x2/x1:0.99 
x3 532.51 ± 115.26 502.74 562.29 x3/x7:0.59 x3/x2:0.96 
x4 535.61 ± 117.44 505.27 565.94 x4/x7:0.81 x4/x3:0.77 
x5 536.21 ± 117.16 505.94 566.47 x5/x7:0.85 x5/x4:0.95 
x6 536.99 ± 117.81 506.56 567.43 x6/x7:0.91 x6/x5:0.94 
x7 538.15 ± 118.28 507.60 568.71 - x7/x6:0.91 
x8 538.48 ± 118.50 507.87 569.09 x8/x7:0.97 x8/x7:0.89 
x9 540.50 ± 119.34 509.67 571.33 x9/x7:0.82 x9/x8:0.85 
x10 540.97 ± 119.72 510.04 571.90 x10/x7:0.79 x10/x9:0.96 
†x1=+1°C; x2=+1.25°C; x3=+1.5°C; x4=+1.75°C; x5=+2°C; x6=+2.25°C; x7=+2.38°C; 
x8=+2.5°C; x9=+2.75°C; x10=+3°C.  
‡p-values were from output of Parallel line analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
178 
 
 
 
Table 6.4. Statistical results of comparing simulated future soil CO2 fluxes (g m
-2 yr-1) 
based on different precipitation scenarios. 
 
CO2 Fluxes - Precipitation Changes 
Var† Mean±SD L95%CI U95%CI p-value‡ 
y1 533.30 ± 133.60 498.79 567.82 y1/y7:0.53 - 
y2 538.97 ± 134.66 504.18 573.75 y2/y7:0.86 y2/y1:0.65 
y3 545.53 ± 139.66 509.45 581.61 y3/y7:0.78 y3/y2:0.65 
y4 547.12 ± 136.34 511.90 582.34 y4/y7:0.64 y4/y3:0.85 
y5 544.42 ± 130.76 510.64 578.20 y5/y7:0.75 y5/y4:0.88 
y6 543.38 ± 125.84 510.87 575.88 y6/y7:0.75 y6/y5:0.99 
y7 538.15 ± 118.28 507.60 568.71 - y7/y6:0.75 
y8 534.12 ± 113.73 504.74 563.50 y8/y7:0.78 y8/y7:0.78 
y9 526.26 ± 106.28 498.80 553.71 y9/y7:0.4 y9/y8:0.58 
y10 519.39 ± 100.53 493.42 545.36 y10/y7:0.18 y10/y9:0.62 
y11 509.93 ± 96.56 484.98 534.87 y11/y7:0.039 y11/y10:0.44 
y12 499.73 ± 93.36 475.61 523.85 y12/y7:0.004 y12/y11:0.40 
y13 492.48 ± 89.24 469.42 515.53 y13/y7<0.001 y13/y12:0.56 
†y1=-30%P; y2=-25%P; y3=-20%P; y4=-15%P; y5=-10%P; y6=-5%P; y7=0%P; y8=5%P; 
y9=10%P; y10=15%P; y11=20%P; y12=25%P; y13=30%P.  
‡p-values were from output of Parallel line analysis. 
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Table S6.1. The most sensitive parameters for PEST to calibrate DAYCENT model with 
best-fit, default, lower bounds, upper bounds, and scaled sensitivity values. 
 
ID Name† Best-fit Default Lower Upper Scaled 
1 prbmn(1_1) 53.861 50 46 60 8.45 
2 epnfs(2) 0.0077 0.01 0.006 0.012 8.10 
3 sfavail(1) 0.05 0.15 0.05 0.25 7.22 
4 biomax 485 400 200 485 6.76 
5 pramn(1_1) 36.203 30 26 40 5.75 
6 rdrm 0.05 0.1 0.05 0.16 4.82 
7 ppdf(1) 28.046 30 25 40 4.51 
8 pramx(1_2) 116 120 116 170 4.49 
9 epnfs(1) 23 30 23 31 4.32 
10 cgresp(1) 0.209 0.25 0.15 0.3 4.00 
11 ppdf(2) 41.497 45 35 50 3.77 
12 epnfa(2) 0.00615 0.007 0.005 0.008 3.58 
13 biok5 87.477 60 40 105 3.42 
14 prbmx(1_1) 59.255 55 30 60 3.01 
15 wscoeff(1_2) 5.532 9 5 13 2.73 
16 ckmrspmx(3) 0.15 0.26 0.15 0.39 2.58 
17 fallrt 0.049 0.05 0.01 0.1 2.29 
18 pramn(1_2) 30.645 30 26 55 1.93 
19 ckmrspmx(2) 0.54 0.38 0.2 0.54 1.92 
20 rdrj 0.031 0.2 0.03 0.4 1.65 
21 cgresp(2) 0.266 0.25 0.2 0.3 1.46 
22 wscoeff(1_1) 0.499 0.378 0.2 0.5 1.30 
23 cmrspnpp(3) 1.486 1.25 0.9 1.5 1.14 
24 cmrspnpp(4) 1.418 1 0.8 1.42 1.14 
25 fwloss(4) 0.759 0.8 0.75 0.81 0.94 
26 ppdf(4) 1.951 2.5 1.5 5.5 0.90 
27 pramx(1_1) 46 50 46 70 0.81 
28 cfrtcw(2) 0.442 0.5 0.44 0.53 0.71 
29 prdx(1) 0.869 1 0.85 2 0.63 
30 cmxturn 0.128 0.12 0.05 0.25 0.43 
31 fligni(1_3) 0.5 0.26 0.05 0.52 0.34 
32 cfrtcw(1) 0.77 0.75 0.55 0.77 0.32 
33 clsgres 0.72 0.5 0.35 0.72 0.18 
34 npp2cs(1) 0.997 1 0.95 1.5 0.15 
35 ppdf(3) 1 0.95 0.65 1 0.04 
36 fligni(1_1) 0.032 0.02 0.01 0.1 0.02 
37 rdsrfc 0.06 0.14 0.06 0.2 0.0085 
38 vlossp 0.182 0.15 0.05 0.24 0.0069 
39 mrtfrac 0.01 0.05 0.01 0.1 0.0059 
40 epnfa(1) 0.072 0.05 0.048 0.072 0.0055 
41 ckmrspmx(1) 0.017 0.01525 0.003 0.02 0.0043 
42 dec(4) 0.003 0.0033 0.003 0.0035 0.0038 
43 cgresp(3) 0.2 0.29 0.2 0.42 0.0009 
44 cmix 2 4 2 6 0.0008 
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†ID2, 9, 12, 25, 40, and 42 (blue) are not parameters from switchgrass. Other 38 
parameters are from switchgrass. Description of all parameters are as follows:   
1. prbmn(1_1) = intercept parameter for computing minimum C/N ratio for 
below ground matter as a linear function of annual precipitation. 
2. epnfs(2) = intercept value for determining the effect of annual 
evapotranspiration non-symbiotic soil N fixation. 
3. sfavail(1) = species specific fraction of N available to grass/crop. 
4. biomax = biomass level above which the minimum and maximum C/E ratios 
of the new shoot increments equal pramn(1_2), pramn(2_2), pramn(3_2) and 
pramx(1_2),  pramx(2_2), pramx(3_2), respectively. Nate pramx1, 2, and 3 
mean maximum C/N, C/P, and C/S ratio with biomass greater than or equal to 
biomax.  pramn1, 2, and 3 is minimum C/N , C/P, and C/S ratio with biomass 
greater than or equal to biomax.  
5. pramn(1_1) = minimum C/N ratio with zero biomass. 
6. rdrm = maximum mature fine root death rate at very dry soil conditions 
(fraction/month); for getting the monthly root death rate, this fraction is 
multiplied times a reduction fraction depending on the soil water status. 
7. ppdf(1) = optimum temperature for production for parameterization of a 
Poisson Density Function curve to simulate temperature effect on growth. 
8. pramx(1_2) = maximum C/N ratio with biomass greater than or equal to 
biomax. 
9. epnfs(1) = minimum AET value used for determining the effect of annual 
evapotranspiration on non-symbiotic soil N fixation. 
10. cgresp(1) = maximum fraction of aboveground live C that goes to 
maintenance respiration for crops. 
11. ppdf(2) = maximum temperature for production for parameterization of a 
Poisson Density Function curve to simulate temperature effect on growth. 
12. epnfa(2) = slope value for determining the effect of annual precipitation on 
atmospheric N fixation (wet and dry deposition) (g m-2 yr-1 cm-1 precipitation). 
13. biok5 = level of aboveground standing dead + 10% Surface litter structural C 
at which production is reduced to half maximum due to physical obstruction by 
the dead material, used only when bioflg = 1 (gC/m2). 
14. prbmx(1_1) = intercept parameter for computing maximum C/N ratios for 
below ground matter as a linear function of annual precipitation. 
15. wscoeff(1_2) = 4 times the slope at relative water content required for 50% 
of maximum production. 
16. ckmrspmx(3) = maximum fraction of mature live fine root C that goes to 
maintenance respiration for crops. 
17. fallrt = fall rate (fraction of standing dead which falls each month). 
18. pramn(1_2) = minimum C/N ratio with biomass greater than or equal to 
biomax. 
19. ckmrspmx(2) = maximum fraction of juvenile live fine root C that goes to 
maintenance respiration for crops. 
20. rdrj = maximum juvenile fine root death rate at very dry soil conditions 
(fraction/month); for getting the monthly root death rate, this fraction is 
multiplied times a reduction factor depending on the soil water status. 
21. cgresp(2) = maximum fraction of juvenile fine root live C that goes to 
maintenance respiration for crops. 
22. wscoeff(1_1) = relative water content required for 50% of maximum 
production. 
23. cmrspnpp(3) = X2 value for line function that decreases maintenance 
respiration OR X1 value for line function that decreases maintenance 
respiration. 
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24. cmrspnpp(4) = Y2 value for line function that decreases maintenance 
respiration OR Y1 value for line function that decreases maintenance 
respiration. 
25. fwloss(4) = scaling factor for potential evapotranspiration (pevap). 
26. ppdf(4) = right curve shape for parameterization of a Poisson Density 
Function curve to simulate temperature effect on growth. 
27. pramx(1_1) = maximum C/N ratio with zero biomass. 
28. cfrtcw(2) = minimum fraction of C allocated to roots with no water stress. 
29. prdx(1) = coefficient for calculating potential aboveground monthly 
production as a function of solar radiation outside the atmosphere. 
30. cmxturn = maximum turnover rate per month of juvenile fine roots to mature 
fine roots through aging. 
31. fligni(1_3) = intercept for equation to predict lignin content fraction based 
on annual rainfall for mature live fine root material. 
32. cfrtcw(1) = maximum fraction of C allocated to roots under maximum water 
stress. 
33. clsgres = grass/crop late season growth restriction factor. 
34. npp2cs(1) = multiplier used to estimate GPP as a function of NPP to 
determine the amount of carbon that is stored in the carbohydrate storage pool. 
35. ppdf(3) = left curve shape for parameterization of a Poisson Density 
Function curve to simulate temperature effect on growth. 
36. fligni(1_1) = intercept for equation to predict lignin content fraction based 
on annual rainfall for aboveground material. 
37. rdsrfc = the fraction of the fine roots that are transferred into the surface 
litter layer upon root death, the remainder of the roots will go to the soil litter 
layer. 
38. vlossp = fraction of aboveground plant N which is volatilized (occurs at 
harvest for crops or at senescence for grasses). 
39. mrtfrac = fraction of fine root production that goes to mature roots. 
40. epnfa(1) = intercept value for determining the effect of annual precipitation 
on atmospheric N fixation (wet and dry deposition) (g m-2 yr-1 cm-1 
precipitation). 
41. ckmrspmx(1) = maximum fraction of aboveground live C that goes to 
maintenance respiration for crops. 
42. dec(4) = maximum decomposition rate of soil organic matter with slow 
turnover, the fraction of the pool that turns over each year. 
43. cgresp(3) = maximum fraction of mature fine root live C that goes to 
maintenance respiration for crops. 
44. cmix = rate of mixing of surface SOM2C and soil SOM2C for grass/crop 
system. Nate SOM2C is initial value for labeled/unabled C in surface/soil 
organic matter with intermediate turnover. 
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Table S6.2. Forecasting yearly CO2 fluxes (g m
-2 yr-1) from 2011 to 2070 based on BAU, temperature changes from 1 to 3°C 
and precipitation changes from ±30%. 
 
Year CO2_BAU
† 
CO2_Temperature-changes_+1-3°C   CO2_Precipitation-changes_±30% 
Mean±SD L95%CI U95%CI   Mean±SD L95%CI U95%CI 
2011 298.49 298.20 ± 1.07 297.43 298.97  298.14 ± 18.28 287.09 309.19 
2012 296.74 297.12 ± 0.89 296.49 297.75  294.74 ± 15.58 285.32 304.15 
2013 317.05 317.10 ± 0.11 317.03 317.18  315.37 ± 17.05 305.06 325.67 
2014 305.84 305.89 ± 0.11 305.82 305.97  309.04 ± 16.97 298.78 319.29 
2015 366.31 366.32 ± 0.04 366.29 366.35  363.58 ± 3.35 361.56 365.61 
2016 418.43 418.34 ± 0.06 418.30 418.38  403.67 ± 10.90 397.09 410.26 
2017 416.46 415.71 ± 0.88 415.08 416.34  408.96 ± 17.95 398.11 419.81 
2018 419.70 420.40 ± 0.67 419.92 420.88  421.01 ± 21.05 408.28 433.73 
2019 465.12 465.02 ± 0.66 464.55 465.50  452.42 ± 11.85 445.26 459.58 
2020 405.55 404.94 ± 1.31 404.00 405.88  411.38 ± 20.49 399.00 423.76 
2021 469.95 470.04 ± 1.09 469.26 470.82  463.45 ± 17.76 452.72 474.19 
2022 489.38 489.49 ± 0.23 489.32 489.66  474.67 ± 14.75 465.76 483.58 
2023 396.35 395.82 ± 1.42 394.80 396.83  379.80 ± 12.52 372.24 387.37 
2024 427.73 428.43 ± 3.38 426.01 430.84  412.46 ± 21.58 399.42 425.50 
2025 462.98 464.27 ± 3.40 461.84 466.70  446.93 ± 18.22 435.91 457.94 
2026 433.67 434.18 ± 1.11 433.39 434.98  431.95 ± 6.52 428.01 435.88 
2027 496.89 497.29 ± 0.48 496.94 497.63  484.58 ± 14.43 475.85 493.30 
2028 503.15 502.78 ± 0.43 502.47 503.09  488.58 ± 23.37 474.46 502.70 
2029 420.59 419.54 ± 1.62 418.39 420.70  421.53 ± 5.86 417.99 425.07 
2030 374.94 372.88 ± 2.94 370.78 374.99  370.12 ± 6.24 366.35 373.89 
2031 442.80 439.13 ± 5.12 435.47 442.79  440.00 ± 23.8 425.62 454.39 
2032 341.02 340.68 ± 0.58 340.27 341.09  341.78 ± 4.53 339.04 344.51 
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Table S6.2. Cont’d 
 
Year CO2_BAU 
CO2_Temperature-changes_+1-3°C   CO2_Precipitation-changes_±30% 
Mean±SD L95%CI U95%CI   Mean±SD L95%CI U95%CI 
2033 549.05 548.38 ± 1.53 547.28 549.48  539.53 ± 27.29 523.04 556.02 
2034 572.22 574.08 ± 5.05 570.47 577.70  554.66 ± 24.49 539.86 569.45 
2035 462.90 461.98 ± 3.14 459.73 464.22  461.81 ± 21.12 449.05 474.57 
2036 511.88 511.62 ± 1.82 510.33 512.92  513.47 ± 10.68 507.02 519.93 
2037 539.58 540.18 ± 2.37 538.49 541.88  536.91 ± 12.75 529.21 544.62 
2038 499.70 501.02 ± 0.73 500.50 501.54  514.40 ± 9.96 508.38 520.42 
2039 585.72 584.54 ± 2.62 582.67 586.42  580.73 ± 18.73 569.41 592.04 
2040 571.39 567.38 ± 4.72 564.00 570.75  543.70 ± 15.25 534.48 552.91 
2041 547.11 543.66 ± 10.05 536.48 550.85  541.90 ± 10.14 535.78 548.03 
2042 653.07 651.18 ± 9.77 644.20 658.17  645.11 ± 36.77 622.89 667.33 
2043 524.19 522.68 ± 5.9 518.46 526.90  512.06 ± 15.21 502.87 521.25 
2044 596.67 589.80 ± 7.73 584.27 595.33  583.06 ± 13.46 574.92 591.19 
2045 635.77 628.91 ± 8.45 622.86 634.95  607.19 ± 24.61 592.32 622.07 
2046 582.99 573.56 ± 11.65 565.23 581.90  565.44 ± 32.65 545.72 585.17 
2047 705.39 700.57 ± 7.64 695.10 706.04  677.11 ± 39.05 653.51 700.70 
2048 564.44 555.89 ± 13.91 545.94 565.84  528.45 ± 26.25 512.58 544.31 
2049 602.74 598.24 ± 7.14 593.13 603.35  590.93 ± 45.86 563.22 618.65 
2050 659.75 659.05 ± 2.37 657.35 660.75  647.11 ± 52.62 615.31 678.91 
2051 675.23 675.98 ± 2.25 674.38 677.59  670.64 ± 73.60 626.17 715.12 
2052 630.27 628.73 ± 5.74 624.62 632.84  604.75 ± 40.13 580.50 629.00 
2053 639.74 640.58 ± 3.21 638.29 642.88  640.22 ± 70.38 597.69 682.76 
2054 661.26 660.33 ± 2.78 658.34 662.32  665.30 ± 78.36 617.95 712.65 
2055 667.10 667.91 ± 1.64 666.74 669.08  667.77 ± 68.69 626.26 709.28 
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Table S6.2. Cont’d 
 
Year CO2_BAU 
CO2_Temperature-changes_+1-3°C   CO2_Precipitation-changes_±30% 
Mean±SD L95%CI U95%CI   Mean±SD L95%CI U95%CI 
2056 588.27 584.42 ± 5.68 580.36 588.48  578.47 ± 17.36 567.98 588.96 
2057 644.78 644.03 ± 5.65 639.99 648.08  651.25 ± 58.94 615.63 686.86 
2058 625.20 619.10 ± 9.93 611.99 626.20  605.61 ± 21.20 592.79 618.42 
2059 575.36 569.15 ± 7.64 563.69 574.62  554.62 ± 20.26 542.38 566.86 
2060 652.63 646.42 ± 8.77 640.15 652.70  634.17 ± 26.18 618.35 649.99 
2061 741.29 738.16 ± 6.48 733.52 742.79  703.19 ± 52.42 671.51 734.87 
2062 687.51 683.73 ± 5.54 679.77 687.69  665.59 ± 50.20 635.26 695.93 
2063 648.46 649.14 ± 5.88 644.94 653.35  643.49 ± 51.36 612.45 674.53 
2064 690.18 688.73 ± 7.27 683.53 693.93  666.36 ± 49.82 636.26 696.47 
2065 671.64 670.62 ± 2.15 669.08 672.16  662.65 ± 65.76 622.91 702.39 
2066 695.25 693.66 ± 2.56 691.83 695.49  691.59 ± 67.11 651.04 732.15 
2067 657.35 655.35 ± 3.76 652.66 658.04  651.09 ± 55.80 617.37 684.81 
2068 566.35 568.93 ± 4.85 565.46 572.40  576.16 ± 27.37 559.62 592.70 
2069 598.77 599.64 ± 2.78 597.65 601.63  595.29 ± 64.50 556.32 634.27 
2070 638.74 632.71 ± 8.95 626.31 639.11   614.52 ± 34.02 593.96 635.08 
†BAU, as business as usual temperature and precipitation. 
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Table S6.3. Monthly forecasting CO2 fluxes (g m
-2 month-1) from 2011 to 2070 based on temperature and precipitation of 
BAU, temperature changes from 1 to 3°C and precipitation changes from -30% to 30%. 
 
Mon
th 
CO2_ 
BAU† 
CO2_temperature-changes_1-3°C   CO2_precipitation-changes_±30% 
Mean±SD L95%CI U95%CI   Mean±SD L95%CI U95%CI 
Jan 5.35 5.35 ± 0.04 5.33 5.38  5.21 ± 0.13 5.13 5.29 
Feb 5.68 5.70 ± 0.05 5.67 5.74  5.57 ± 0.20 5.45 5.69 
Mar 8.40 8.37 ± 0.06 8.32 8.42  8.32 ± 0.26 8.16 8.48 
Apr 14.18 14.14 ± 0.12 14.06 14.23  14.01 ± 0.15 13.91 14.10 
May 42.05 41.95 ± 0.25 41.76 42.13  41.21 ± 1.38 40.37 42.04 
Jun 110.40 110.28 ± 0.2 110.14 110.42  108.45 ± 5.22 105.30 111.61 
Jul 116.11 116.1 ± 0.31 115.87 116.32  114.41 ± 3.92 112.04 116.78 
Aug 98.13 97.53 ± 0.80 96.95 98.10  95.50 ± 3.20 93.57 97.44 
Sep 68.99 68.60 ± 0.62 68.15 69.04  67.92 ± 2.34 66.51 69.33 
Oct 41.89 41.55 ± 0.53 41.17 41.93  41.54 ± 2.13 40.25 42.83 
Nov 19.09 19.11 ± 0.21 18.95 19.26  18.82 ± 0.52 18.51 19.14 
Dec 7.88 7.89 ± 0.08 7.83 7.95   7.71 ± 0.18 7.61 7.82 
†BAU, as business as usual temperature and precipitation. 
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Table S6.4. Rates (%) of monthly forecasting CO2 fluxes (g m
-2 month-1) based on scenarios of temperature and precipitation 
changes under different conditions. 
 
Month 
CO2 T-change under P-BAU, wet, and drought conditions   
CO2 P-change under T-BAU and 
+1°C conditions 
M_P-
BAU† 
M_W M_D 
Rate (%) Rate (%) Rate (%)  M_+1°C M_T-BAU 
Rate 
(%) (W vs N) (D vs N) (W vs D) 
Jan 5.35 5.18 4.86 -3.17 -9.14 6.57  5.13 5.21 1.65 
Feb 5.70 5.64 5.08 -1.17 -11.00 11.04  5.49 5.57 1.49 
Mar 8.37 8.44 7.73 0.81 -7.59 9.09  8.12 8.32 2.46 
Apr 14.14 13.86 13.57 -2.02 -4.08 2.15  13.66 14.01 2.57 
May 41.95 38.48 40.95 -8.25 -2.38 -6.02  40.47 41.21 1.81 
Jun 110.28 99.10 111.48 -10.13 1.09 -11.10  108.04 108.45 0.39 
Jul 116.10 106.62 113.87 -8.16 -1.92 -6.37  113.40 114.41 0.89 
Aug 97.53 88.89 93.21 -8.86 -4.43 -4.64  93.71 95.50 1.92 
Sep 68.60 63.08 69.01 -8.04 0.60 -8.59  66.70 67.92 1.83 
Oct 41.55 37.52 43.28 -9.70 4.16 -13.31  40.50 41.54 2.57 
Nov 19.11 17.61 18.58 -7.86 -2.74 -5.27  18.09 18.82 4.06 
Dec 7.89 7.57 7.20 -4.00 -8.74 5.19   7.45 7.71 3.59 
†BAU, business as usual temperature or precipitation; W, wet condition; D, drought condition; +1°C, increase of 1°C temperature 
condition; T, temperature; P, precipitation; M, mean.
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Fig. 6.1. (A) Calibration: distribution of measured and modeled values of CO2 (g m
-2 day-
1) fluxes from 2010 through 2013; (B) Validation: distribution of measured and modeled 
values of CO2 (g m
-2 day-1) fluxes from 2014. Note: MEAS, measured; PEST-MOD, 
calibrated modeled CO2 fluxes using PEST model; and MAN-MOD, manually calibrated 
modeled CO2 fluxes using “trial and error” method 
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Fig. 6.2. Comparison of measured and simulated soil temperature (A), and soil moisture 
content (B) for validation. Note: MEAS, measured values; PEST-MOD, calibrated 
modeled values using PEST model; and MAN-MOD, manually calibrated modeled 
values using “trial and error”. 
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Fig. 6.3. Average annual simulated CO2 fluxes (g m
-2 yr-1) from 2015 to 2070 simulated 
using (A) the weather data of BAU and (B) temperature scenarios from 2011 to 2070 
under dry, wet, and P-BAU conditions. 
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Fig. 6.4. Average annual simulated CO2 fluxes (g m
-2 yr-1) corresponding to temperature 
scenarios +1 through +3 °C under dry, wet, and P-BAU conditions.  
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Fig. 6.5. Trends of simulated average annual CO2 fluxes (g m
-2 yr-1) from 2011 to 2070 
based on precipitation changes from -30 to +30% under temperature of BAU (increase of 
2.38°C) and increase of 1°C with years. 
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Fig. 6.6. Trends of simulated average annual CO2 fluxes (g m
-2 yr-1) from 2011 to 2070 
based on precipitation changes from -30 to +30% under temperature of BAU (increase of 
2.38°C) and increase of 1°C with changing precipitation. 
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Fig. S6.1. Distributions of yearly mean maximum and minimum temperature and sum of 
yearly precipitation (A) from 1959 to 2014 and (B) from 2015 to 2070.   
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Fig. S6.2. Comparison of trends of forecasting of monthly CO2 fluxes (g m
-2 month-1) 
from 2011 to 2070 corresponding to ten temperature scenarios under P-BAU, wet, and 
drought conditions. M= mean of monthly CO2 fluxes. W = wet condition. D = drought 
condition. P-BAU = precipitation of BAU.  
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Fig. S6.3. Simulated monthly soil CO2 fluxes (g m
-2 month-1) impacted by precipitation (-
30% to +30%) and temperature (+1°C) changes and T-BAU conditions. Note: M, mean 
of monthly CO2 fluxes; T-BAU, BAU temperature condition. 
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Fig. S6.4. Distributions of monthly average maximum and minimum temperature (°C 
day-1) and precipitation (cm month-1) of weather data of BAU from 2015 to 2070. 
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CHAPTER 7 
PREDICTING SOILS AND ENVIRONMENTAL IMPACTS OF 
SWITCHGRASS FOR BIOENERGY PRODUCTION IN SOUTH 
DAKOTA: A DAYCENT MODELING APPROACH 
ABSTRACT 
Soil organic carbon (SOC), nitrate (NO3
-), water-filled pore space (WFPS), and carbon 
dioxide (CO2) and nitrous oxide (N2O) fluxes from switchgrass field were measured in 
this study, and these parameters were then simulated using the DAYCENT model for 
2016 to 2050 period. The measured data at the site was collected from the previous 
studies located in South Dakota that include three N rates (low, 0 kg N ha-1; medium, 56 
kg N ha-1; and high, 112 kg N ha-1) and two landscape positions (shoulder and footslope) 
laid under a split-plot design with four replications. Results from this study indicate that 
the N fertilization can improve SOC and soil NO3
-, but increase N2O and CO2 fluxes to 
the atmosphere. The medium N rate is the optimum rate for the switchgrass in terms of 
biomass production and for the environment. The footslope position can be beneficial for 
the SOC, NO3
- and biomass yield, however, contributing higher GHG emissions 
compared to those of the shoulder. The climate scenarios that include an increase in 
temperature and decrease in precipitation (S4 vs. S2) can reduce the soil NO3
- contents 
and WFPS and increase CO2 fluxes for 2016-2050. The growing switchgrass can improve 
and maintain SOC and NO3
-, and generally mitigate N2O and CO2 fluxes over the 
predicted years. The DAYCENT models are acceptable for the prediction, even though 
the variation in NO3
- contents under each N rate may be higher than the reported in this 
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study. The data from this study revealed that switchgrass can be used as a sustainable 
bioenergy crop for improving the SOC and biomass, and mitigating GHG fluxes. 
 
Keywords: Soil organic carbon, Soil nitrate, Carbon dioxide flux, Nitrous oxide flux, 
DAYCENT model, Switchgrass 
 
7.1. Introduction 
Switchgrass (Panicum virgatum L.) is a perennial grass (C4), native to North 
America. It can adapt to different environmental conditions because it can tolerate soil 
water deficits and low soil nutrients (Lewandowski et al., 2003). In addition to the 
traditional uses of switchgrass for livestock forage, soil stabilization, and wildlife cover, 
it became a significant renewable energy source identified by the U.S. Department of 
Energy in 1985 (Lee et al., 2012), and selected as a “model” potential bioenergy crop in 
1991 (Wright, 2007). Switchgrass is superior to corn grain in terms of ethanol production, 
providing ecosystem goods and services and environmental sustainability, particularly at 
certain landscape positions where corn is unable to perform to the maximum yield 
potential (Boe et al., 2009; Casler and Boe, 2003). Utilization of the perennial grasses 
helps in mitigating the negative effects of the intensive cropping by reducing soil erosion, 
improving water quality, reducing the use of pesticides and fertilizer, increasing soil 
carbon, improving important wildlife habitat, minimizing impacts on global food supplies 
(Daly et al., 2008), and reducing net emissions of greenhouse gases (GHGs) (Blanco-
Canqui, 2010). However, most of these studies evaluated different parameters separately 
for few years, and little is known about the long-term impacts of switchgrass production 
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on soils, biomass, and environment. The information related to switchgrass production 
and its associated environmental and economic impacts is critical for farmers and policy-
makers to decide whether the switchgrass can be planted for a long-term period.  
 Switchgrass improves soil properties such as soil organic carbon (SOC), soil 
nitrate (NO3
-), water-filled pore space (WFPS), and mitigate carbon dioxide (CO2) and 
nitrous oxide (N2O) emissions. Dynamics of SOC in agricultural soils drives microbial 
activity and nutrient cycles, promotes soil physical properties and water retention 
capacity, and reduces erosion (Dong et al., 2012; Manna et al., 2007). The increased SOC 
stock can reduce net CO2 emissions, which is the primary GHG that is contributing to 
recent climate change - global warming (EPA, 2016), through C sequestration and 
improving soil properties (Blanco-Canqui, 2010; Robertson et al., 2008). The NO3
- is 
major N inorganic forms that can be taken up by crops. It is converted from the inorganic 
ammonium (NH4
+) under proper climate conditions through nitrification (Whalen and 
Sampedro, 2010). The NH4
+ is released from the organic N forms such as soil organic 
matter (SOM), crop residues, and manure through mineralization (Schimel and Bennett, 
2004), or directly from the NH4
+ fertilizer. However, the excessive NO3
- in soils can 
leach into the underground water because it is a negatively charged ion which is repelled 
by the negatively charged clay mineral surface in soils (Lamb et al., 2014). The NO3
- 
leaching could cause water quality problems in natural water systems (Ma et al., 2001; 
Madakadze et al., 2003). The soil NO3
- can also be converted to N gasses such as nitrous 
oxide (N2O) that are lost to the atmosphere through denitrification (Luce et al., 2011). 
The excessive N2O in the atmosphere not only contributes to global warming but 
currently is the single most important ozone-depleting emission (Dai et al., 2014).  
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Nitrogen (N) fertilization is an essential factor of switchgrass growth and 
development (Hong et al., 2014; Owens et al., 2013). However, the amount of N 
fertilization depends on different soil conditions (Kering et al., 2012). An adequate 
amount of N fertilization can enhance SOC accumulation and soil fertility (Bowman and 
Halvorson, 1998) and reduce NO3
- leaching and N2O emissions (Reay et al., 2012). 
However, specific information about the effect of N fertilization rate (N rate) on soils and 
the environment on switchgrass field is still lacking. Landscape position is also a key 
factor influencing soil properties under a hillslope scale (Bronson et al., 2003; Guzman 
and Al-Kaisi, 2011; Mwanjalolo Jackson-Gilbert et al., 2015). For instance, the field-
scale soil properties such as soil bulk density (ρb), pH, soil phosphorus (P), and SOC 
under switchgrass are quite variable depending on different sites (e.g., Schmer et al., 
2011). However, little is known about landscape position effects on the environment 
under switchgrass fields. 
The process-based ecosystem model – DAYCENT (Del Grosso et al., 2001; 
Parton et al., 1998) can be used to simulate the N and landscape position impacts on soils 
and environmental parameters associated with the switchgrass production. The 
DAYCENT model is the daily version of the CENTURY ecosystem model (Parton et al., 
1987). It is an ecosystem model which can simulate major ecosystem processes, such as 
changes in soil organic matter, plant productivity, nutrient cycling (i.e., N, P, and K), 
N2O and CH4 trace gasses, CO2 respiration, and soil water (Del Grosso et al., 2001). It 
has been widely used to simulate the impacts of climate and land-use changes on the 
ecosystem around the world and is currently used for the US inventory of GHG budgets 
(Olander et al., 2011). However, the model must be calibrated and validated using the 
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measured data for the specific environmental conditions (De Gryze et al., 2010; Smith et 
al., 1997). Therefore, the model of choice should be calibrated and validated for local 
conditions to address the switchgrass production systems at the regional scale. For 
example, the DAYCENT model was used to quantify on-farm GHG emissions and N 
dynamics of land use conversion to N-managed switchgrass in the Southern U.S. 
(Chamberlain et al., 2011). The impact of second-generation biofuel agriculture 
(including switchgrass) on GHG emissions in the US was evaluated using DAYCENT 
model (Davis et al., 2012). The environmental and policy implications of switchgrass 
grown for bioenergy in the southeastern United States were explored from the perspective 
of land conversion to switchgrass using DAYCENT model (Chamberlain, 2011). 
Switchgrass GHG emission mitigation potential was estimated using the DAYCENT 
model under a range of management practices (Hudiburg et al., 2015). Our previous 
publication reported that the impacts of temperature and precipitation changes on the 
future soil CO2 fluxes from switchgrass field using DAYCENT model (Lai et al., 2016a). 
However, the information regarding the long-term assessment of impacts of growing 
switchgrass on soil, water, and GHG emissions is still lacking. 
Therefore, the objectives of this study were to (i) predict the selected parameters 
(SOC, NO3
-, WFPS, CO2 and N2O fluxes, and yield) using DAYCENT models, and (ii) 
evaluate the impacts of the N rate, landscape position, and climate change on these 
parameters.  
 
7.2. Materials and Methods 
7.2.1. Study Site and Experimental Design  
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The study site is located 45°16'24.55" N, 97°50'13.34" W, near Bristol, South 
Dakota, USA. It was arranged into 12 plots (each plot is 21.3 m wide and 365.8 m long) 
with 2-20% slope. The plots were laid out in a split-plot design comprised of three N 
rates (low, 0 kg N ha-1; medium, 56 kg N ha-1; and high, 112 kg N ha-1) and two positions 
(shoulder and footslope). Switchgrass (cultivar: sunburst; planting rate: 10 kg PLS ha-1) 
was planted on May 17, 2008. The previous crop grown on the plots was soybean 
(Glycine max. L.). Switchgrass was harvested once annually around a killing frost the 
year after establishment (2009), the second year after establishment (2010), and the third 
year after establishment (2011) until 2015. Harvest dates were 28 Oct. 2009, 5 Nov. 
2010, 3 Nov. 2011, 30 Oct. 2012, 19 Oct. 2013, 15 Oct. 2014, and 19 Oct. 2015. The 
soils at the site are dominated by loamy soils, and Buse soils are mostly encountered at 
shoulders and Aastad at footslopes (Mbonimpa et al., 2015a). 
7.2.2. Data Measurements and Sources 
 Soil samples were collected from each plot during June of 2009, 2010, 2011, 
2012 and 2013 before yearly N fertilizer application for measuring the NO3
- contents in 
soils at the 0- to 5-, 5- to 15-, 15- to 30-, 30- to 60-, and 60- to 100-cm depths. The soil 
NO3
- content was determined using the KCl Extraction/d-Reduction Method (Bremner 
and Edwards, 1965; Keeney and Nelson, 1982). The lab analysis methods of ρb, pH, and 
SOC have described the previous study (Mbonimpa et al., 2015a). The soil texture data 
were obtained from USDA-NCSS soil survey (SoilWeb, 2014).  
Samples of soil CO2 and N2O emissions were collected using the vented PVC 
static flux chambers (25 cm diameter × 15 cm height) (Hutchinson and Mosier, 1981), 
which were installed and fixed in the fields from 2010 to 2015 based on the USDA 
 
 
203 
 
 
 
Protocols (Parkin and Venterea, 2010). Concentrations of CO2 and N2O in air samples 
from the sampling chamber headspace were measured within 5 days of sample collection 
using a gas chromatograph (GC) equipped with a thermal conductivity detector for CO2 
and electron capture detector for N2O. The CO2 and N2O fluxes were calculated as the 
change in headspace gas concentration over time within the enclosed chamber volume. 
The average of two chambers used to represent each plot for further analysis (Mbonimpa 
et al., 2015a).  
Measurements of daily minimum and maximum temperature and precipitation 
and methods of partial weather data retrieved from weather stations were described in our 
previous publication (Lai et al., 2016b). The two scenarios (S2 and S4) of climate change 
from 2016 to 2050 were generated using the global climate models (GCMs) in response 
to the low emissions scenario 2 under the Representative Concentration Pathway (RCP) 
4.5 W m-2 and high emissions scenario 4 under the RCP8.5 W m-2, respectively.   
The measurement of switchgrass yield was described in our previous publication 
(Hong et al., 2014). The yield was averaged across three N rates and each year from 2009 
to 2015 in this study. The formula of WFPS calculation is:  
WFPS = 
𝜃
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦
×100,  𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 1 −  
𝜌b
𝜌
 
where WFPS is soil water-filled pore space (%), porosity is soil porosity (%), θ is soil 
moisture content (g cm-3), ρ is soil particle density (2.65 g cm-3), and ρb is soil bulk 
density (g cm-3) (NRCS, 2014a). The measured data were used to build the DAYCENT 
models. 
7.2.3. Data Prediction 
The DAYCENT model (Stand-alone version DailyDayCent 08/17/2014) was used 
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for predicting the selected parameters that include: SOC, NO3
-, WFPS, CO2 and N2O 
fluxes, and yield. DAYCENT models were built separately for CO2 and N2O fluxes using 
the measured soil CO2 and N2O fluxes, respectively. For each simulated GHG model, a 
total of six models were built in response to six different treatments based on the three N 
rates and two positions. The CO2 models were further subdivided into 6 different models 
built by using the measured CO2 flux data from 2010 to 2012 under high N rate at 
shoulder (M1), medium N rate at shoulder (M2), low N rate at shoulder (M3), high N rate 
at footslope (M4), medium N rate at footslope (M5), and low N rate at footslope (M6). 
Similarly, the N2O models were also subdivided into 6 models using the measured N2O 
flux data from 2010 to 2012 for high N rate at shoulder (M7), medium N rate at shoulder 
(M8), low N rate at shoulder (M9), high N rate at footslope (M10), medium N rate at 
footslope (M11), and low N rate at footslope (M12). The model input data include daily 
precipitation and maximum and minimum temperature, soil texture, bulk density, pH, and 
historical land use and field and crop management. Calibration and validation of the 
DAYCENT models were conducted using the CPTE [Combined Parameter estimation 
(PEST) model (Doherty, 2010) and Trial-Error method] methodology, which is an 
improved method for the model calibration and validation. The methodology combined 
the Trial and Error and PEST model, an inverse modeling method, to overcome the 
drawbacks of either trial and error or PEST model method alone for the model 
calibration and validation. The detail of the methodology was described in our previous 
studies (e.g., Lai et al., 2016a; Mbonimpa et al., 2015b). For models (M1-6), the 
measured CO2 fluxes in 2010-2012 were used for the calibration and the data in 2014-
2015 were used for the validation, while the soil temperature and moisture, WFPS, SOC, 
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and yield were further used to validate the models. For models (M7-12), the N2O fluxes 
in 2010-2012 were used for the calibration and the data in 2014-2015 were used for the 
validation, while the soil temperature and moisture, WFPS, NO3
-, and yield were used to 
validate the models. The M1-6 models were used to predict the daily SOC, WFPS, and 
CO2 flux. The M7-12 models were used to predict the daily soil N2O flux and NO3
- 
content and annual switchgrass biomass yield. The switchgrass growing season for each 
year was from May to October. Thus, all the GHG data was calculated for growing (May 
through October) season. 
7.2.4. Model Performance Evaluation and Statistical Analysis 
The model performance was evaluated using the four widely used quantitative 
criteria (Dai et al., 2014; Moriasi et al., 2007) that include the coefficient of 
determination (R2), percent bias (PBIAS) (Gupta et al., 1999), model performance 
efficiency (ME) (Nash and Sutcliffe, 1970), and RSR [the ratio of the root mean squared 
error (RMSE) to standard deviation (SD) of the measured data] (Singh et al., 2004). The 
acceptable ranges are 0.5 ≤ R2 ≤ 1 (Santhi et al., 2001), -15% ≤ PBIAS ≤ 15%, 0.5 ≤ ME 
≤ 1, and 0 ≤ RSR ≤ 0.70 (Moriasi et al., 2007). In general, the permeance of model 
simulation can be judged as satisfactory if R2, PBIAS, ME, and RSR are in their 
acceptable ranges (Moriasi et al., 2007). 
The impacts of N rate, landscape position, and climate change scenario on the 
predicted parameters were analyzed using Analysis of Variance (ANOVA) method. The 
distributions of the datasets were tested for normality using Kolmogorov–Smirnov 
method. Data were transformed using natural logarithm when necessary. SAS9.4 (SAS, 
2013) were used for above analyses. The data trend test was conducted using the Mann-
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Kendall method (Gilbert, 1987; Kendall, 1975; Mann, 1945) with slopes estimated by the 
Sen Estimator (Sen, 1968) using the package “mblm” in R (Komsta, 2013; R Core Team, 
2014). Significance was determined at α = 0.05 level for all statistical analyses in this 
study. 
 
7.3. Results 
7.3.1. Calibration and Validation of DAYCENT 
The evaluation of model performance based on the results of calibration and 
validation of DAYCENT models M1 through M12 are shown in Table 7.1 and 7.2. The 
results of M1-6 calibrated using the measured CO2 fluxes in 2010-2012 showed that the 
R2 values of M1-6 were in the acceptable range of 0.50 to 1.00, indicating that there was 
a strong linear relationship between the modeled and measured CO2 fluxes. The PBIAS 
values of M1-6 were in the acceptable range of -15% to +15%, which signified that the 
means of the modeled and measured CO2 fluxes were almost the same. The MEs of M1-6 
were also in the acceptable range of 0.50 to 1.00 (note: the ME of M6 was 0.47, which is 
~ 0.5, thereby the M6 was also regarded as acceptable). Furthermore, the RSR values of 
M1-5 were in the acceptable range of 0 to 0.70, which indicated that the models had a 
smaller root mean squared error. The RSR of M6 was 0.72, which is ~ 0.70, the model 
was also acceptable (Table 7.1). These findings suggested that the simulations of 
calibrated M1-6 were satisfactory. Based on the same criteria, the M1-6 validated by 
using the measured CO2 data in 2014-2015 were a satisfactory simulation. The 
simulations of M1-6 validated using the measured soil temperature and moisture, WFPS, 
and yield were also satisfactory. The results of M1-6 validated by using the measured 
 
 
207 
 
 
 
SOC density showed that the M1-3 and M5-6 were acceptable based on the results of 
PBIAS and R2 for the purpose of prediction, but the M4 underestimated SOC density 
based on the low PBIAS of -21.7%, which is out of the acceptable range of -15% to 15% 
(Table 7.1). 
The M7-12 calibrated using the measured N2O fluxes in 2010-2012 were 
satisfactory based on the calibration results. Their validations using the N2O fluxes in 
2014-2015 showed that they were satisfactory for the purpose of prediction because their 
PBIASs were in the acceptable range. Their validations using the measured soil 
temperature and moisture, WFPS, and yield showed that the models were satisfactory. 
However, the soil NO3
- was underestimated by the M7-9 and 12 due to their lower 
PBIASs validated by the measured soil NO3
- contents (Table 7.2). 
7.3.2. Soil Organic Carbon 
Data for the predicted SOC densities (kg m−2) at the 0- to 10-cm depth under 
different treatments from 2016 to 2050 are presented in Table 7.3, Table 7.4, and Fig. 
S7.1. The table 7.3 showed that the interactions effect between the N rate and position on 
the density under S2 and S4 scenarios were significant (Table 7.3). For S2 and S4 
scenarios, under each N rate, the density at the footslope was significantly higher than that 
of the shoulder. The SOC density values at the shoulder position under the high and low N 
rates were significantly higher than that of the medium N rate at this landscape position. At 
the footslope, the SOC density values under the high N rate was significantly higher than the 
medium N rate, which was significantly higher than the low N rate. For each N rate and 
position, the SOC density values under the S2 and S4 were not significantly different 
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(Table 7.3). The values of SOC between the N rate and position for the S2 and S4 were in 
the range of 1.81 to 3.12 kg m−2. 
For both S2 and S4, Kendall trend test indicated significant upward trends in the 
SOC densities under the high N rate at the shoulder and footslope from 2016 to 2050 (P < 
0.05 with positive slopes) except for the SOC density under the high N rate at the 
shoulder for S2, in which no significant trend was detected (P = 0.16). The trend test also 
indicated that there was a significant upward trend in the SOC density under the medium 
N rate at the footslope for the predicted period (P < 0.05 with positive slopes), but there 
was a significant downward trend in the density at the shoulder (P < 0.05 with negative 
slopes). Moreover, significant downward trends in the SOC densities were detected under 
the low N rate at the shoulder and footslope over the years (P < 0.05 with negative slopes) 
(Table 7.4 and Fig. S7.1).  
7.3.3. Soil NO3- 
Data on the predicted NO3
- contents (mg kg−1) at the 5- to 10-cm depths under 
different treatments from 2016 to 2050 are presented in Table 7.4, Table 7.5, and Fig. 
S7.2. The effects of interactions between the N rate and position on the nitrate contents 
under the S2 and S4 were statistically significant (Table 7.5). The simulated results 
showed that, under the high and medium N rates for the S2 and S4, the NO3
- content at the 
footslope was significantly higher than the shoulder. Under the low N rate, the content at the 
footslope was significantly lower than the footslope under S4, and the contents at the 
shoulder and footslope for S2 were not significantly different. At the shoulder and footslope 
positions for S2 and S4, the content under the high N rate was significantly higher than the 
medium N rate, which was significantly higher than the low N rate. For each N rate and 
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position, the NO3
- content under S2 was significantly higher than S4. The biggest NO3
- 
content among the interactions between the N rate and position for S2 and S4 was 11 mg 
kg-1 (under high N rate at footslope for S2), and the lowest was 0.63 mg kg-1 (under the 
low N rate at the footslope for S4) (Table 7.5). 
Kendall trend test indicated significant downward trends in the NO3
- contents 
under low N rate at the shoulder and footslope positions for S2 from 2016 to 2050 (P < 
0.05 with negative slopes). However, no significant trend in the content was detected 
under the high and medium N rates at the shoulder and footslope positions for S2 (P > 
0.05). For S4, the trend test denoted significant upward trends in the NO3
- contents under 
the high and medium N rates at the shoulder and footslope positions over the years (P < 
0.05 with positive slopes) and significant downward trends in the contents under the low 
N rate at the shoulder and footslope positions for the period (P < 0.05 with negative 
slopes) (Table 7.4 and Fig. S7.2).  
7.3.4. Soil WFPS 
The predicted WFPS (%) data at the 5- to 10-cm depth under different treatments 
from 2016 to 2050 are presented in Table 7.4, Table 7.6, and Fig. S7.3. The effects of 
interaction between the N rate and position on the predicted growing season mean WFPS 
in 2016-2050 under S2 and S4 were significant (Table 7.6). For S2 and S4, under each N 
rate, the WFPS at the shoulder was significantly higher than that at the footslope. At the 
shoulder, the WFPS under the high N rate was significantly higher than the medium N rate. 
At the footslope, the WFPS under the medium N rate was significantly higher than the high 
and low N rates. For each N rate and position, the content under S2 was significantly 
higher than S4. The biggest WFPS among the interactions between the N rate and 
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position for S2 and S4 was 51.91% (under the high N rate at the shoulder for S2), and the 
lowest was 38.67% (under the high N rate at the footslope for S4) (Table 7.6). Kendall 
trend analysis indicated significant downward trends in the WFPSs for all treatments 
from 2016 to 2050 (P < 0.05 with negative slopes) (Table 7.4 and Fig. S7.3).  
7.3.5. Soil Surface CO2 Fluxes 
The predicted mean soil surface CO2 flux (g m
-2 d-1) under different treatments 
from 2016 to 2050 are presented in Table 7.4, Table 7.7, and Fig. 7.1. The effects of 
interaction between the N rate and position on the predicted mean CO2 flux for the 
switchgrass growing season from 2016-2050 for S2 and S4 were significant (Table 7.7). 
For S2 and S4, under the high and low N rates, the CO2 fluxes at the footslope were 
significantly higher than the shoulder, whereas, under the medium N rate, the fluxes at the 
footslope and shoulder positions were not significantly different. At the shoulder for S2, the 
CO2 fluxes under the low N rate were significantly higher than the medium N rate, whereas, 
for S4, the fluxes under the three N rates were not significantly different. At the footslope 
for S2 and S4, the CO2 fluxes under the medium N rate were significantly lower than the 
high and low N rates. For each N rate and position, the CO2 fluxes under S2 and S4 were 
not significantly different. The biggest CO2 flux among the interactions between the N 
rate and position for both S2 and S4 was 2.40 g m-2 d-1 (under the high N rate at the 
footslope for S4), and the lowest was 1.83 g m-2 d-1 (under the medium N rate at the 
shoulder for S2) (Table 7.7).  
Kendall trend test showed there were significant downward trends in the CO2 
fluxes under the low N rate at the shoulder and footslope positions from 2016 to 2050 (P 
< 0.05 with negative slopes) and significant upward trends in the high and medium N 
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rates at the shoulder and footslope positions (P < 0.05 with positive slopes) (Table 7.4 
and Fig. 7.1).  
7.3.6. Soil Surface N2O Fluxes 
The predicted soil surface N2O fluxes (g ha
-1 d-1) data under different treatments 
from 2016 to 2050 are presented in Table 7.4, Table 7.8, and Fig. 7.2. The effects of 
interaction between the N rate and position on the predicted growing season mean N2O 
flux in 2016-2050 under S2 and S4 were significant (Table 7.8). For S2 and S4, under the 
high and low N rates, the N2O fluxes at the footslope were significantly higher than that of 
the shoulder, whereas, under the medium N rate, the fluxes at the footslope were 
significantly lower than the shoulder. At the shoulder, the N2O fluxes under the medium N 
rate were significantly higher than the high N rate, which was significantly higher than the 
low N rate. At the footslope, the N2O fluxes under the high N rate were significantly higher 
than the medium N rate, which was significantly higher than the low N rate. Under the high 
N rate at the shoulder and footslope, the N2O fluxes under S2 were significantly higher 
than S4, but under the medium and low N rates, the contents under S2 and S4 were not 
significantly different. The biggest mean N2O flux among the interactions between the N 
rate and position under S2 and S4 was 4.17 g ha-1 d-1 (under the medium N rate at the 
shoulder for S2), and the lowest was 1.66 g ha-1 d-1 (under the low N rate at the shoulder 
for S4) (Table 7.8). 
Kendall trend test denoted significant upward trends in the N2O fluxes under the 
high and medium N rates at the shoulder position from 2016 to 2050 (P < 0.05 with 
positive slopes). However, no significant trend in the fluxes was detected under the high 
and medium N rates at the footslope position. Moreover, the trend test indicated 
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significant downward trends in the N2O fluxes under the low N rate at the shoulder and 
footslope positions over the years (P < 0.05 with negative slopes) (Table 7.4 and Fig. 
7.2).  
 
7.4. Discussion 
7.4.1. DAYCENT Simulated Impacts of N Fertilizer on Soils and Environment 
The findings from this study showed that at the shoulder, the SOC density values 
under the high and low N rates were significantly higher than those of the medium N rate, 
and at the footslope, the density values under the high N rate were significantly higher than 
the medium N rate, which was significantly higher than the low N rate (Table 7.3). The 
impact of the N rate on SOC at the footslope position is in accord with some previous 
studies that showed that the fertilizer additions increased the SOC and root C storage 
(e.g., Blanco-Canqui, 2010; Heggenstaller et al., 2009; Lee et al., 2007b; Ma et al., 2001; 
Schmer et al., 2011). However, the impact at the shoulder position differs from these 
studies. The possible reason for this finding could primarily be because the erosion 
resulting from the shoulder in the switchgrass land can reduce SOC at the shoulder 
position. In the process of water erosion, the SOC in the loose surface soil (part of the 
SOC results from the application of N fertilizer) is transported first (Polyakov and Lal, 
2004). Then, the sediment repeatedly removed, resulting in mixing of the topsoil and 
subsoil, reducing the SOC concentration in the soils (Martínez-Mena et al., 2012). This 
could lead to lower SOC contents in the soil with the N fertilizer than in the undisturbed 
initial soil (no N fertilizer) (Zhang et al., 2013).  
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Soil NO3
- contents under the high N rate were significantly higher than the medium 
N rate, which was significantly higher than the low N rate at the shoulder and footslope 
positions (Table 7.5), which is in accord with the previous study (e.g., Abalos et al., 2014; 
Jokela, 1992). The N fertilizer is one of the major sources of soil NO3
- supply (Schimel and 
Bennett, 2004). The NH4
+ fertilizer is rapidly converted to nitrate (NO3
-) under proper 
climate conditions through nitrification in which an aerobic process is performed by 
autotrophic bacteria and archaea (Whalen and Sampedro, 2010). The continuous 
application of N fertilizer can result in more soil NO3
- content, and the higher N rate can 
lead to higher soil surface N2O fluxes. 
At the shoulder, the WFPS under the high N rate was significantly higher than the 
medium N rate, but at the footslope, the WFPS under the medium N rate was significantly 
higher than the high and low N rates (Table 7.6). Based on the equation: WFPS = /(1- 
ρb/ρ)×100 (Parton et al., 2001). The WFPS, in general, decreases with the increase in N 
rate because ρb decreases with increasing the N rate (Bharati et al., 2002; Blanco-Canqui, 
2010; Halvorson et al., 1999; Murphy et al., 2004) with  (soil moisture content) assumed 
to be constant. However, the WFPS is also influenced by rainfall through impacting . 
The rainfall is an uncertain or variable factor of climate. Therefore, the mean WFPSs 
among different N rates could not follow the pattern the increased trend with the increase 
in N rate.  
 Mean CO2 fluxes under the medium N rate were lower than that of the high and low 
N rates. At the shoulder, the fluxes under the low N rate were significantly higher than the 
medium N rate under S2, whereas, the fluxes under the three N rates for S4 scenario were 
not significantly different. At the footslope for both S2 and S4 scenarios, the fluxes under 
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the medium N rate were significantly lower than the high and low N rates (Table 7.7). Some 
previous studies have also documented that the N fertilizer applied to switchgrass did not 
impact CO2 emissions in the Northern Great Plains (e.g., Schmer et al., 2012), the manure 
applied to switchgrass led to increasing CO2 emissions (Lee et al., 2007a), and the N rate did 
not impact cumulative CO2 emissions and CO2 fluxes except for summer in 2012 using the 
measured CO2 fluxes from 2010 to 2012 (Mbonimpa et al., 2015a). Many factors can 
impact soil CO2 fluxes. The autotrophic (e.g., plant roots) and heterotrophic (e.g., soil 
microbes) respirations in soils are two major contributors to atmospheric CO2 (Amacher 
and Mackowiak, 2011). Soil can act as both source and sink of atmospheric CO2 (Sainju 
et al., 2006). The decrease of SOC due to water erosion can reduce soil CO2 fluxes (Wang 
et al., 2014). Higher WFPS and ρb (results in lower porosity) reduce aerobic conditions and 
restrict CO2 diffusivity (Beare et al., 2009). Temperature and precipitation impact CO2 
emissions, and the optimal conditions for the respiration are when soil macropores are filled 
with air and micropores with water (Davidson et al., 2000). Therefore, the lower SOC, 
higher bulk density, and higher WFPS at the shoulder than the footslope during the growing 
season (Mbonimpa et al., 2015a) could result in different CO2 fluxes under the same N rate 
and climate conditions at the shoulder and footslope, resulting in different impacts of the N 
rate on these fluxes at the different positions.  
 Soil surface N2O fluxes under the high N rate were significantly higher than the 
medium N rate, which was significantly higher than the low N rate at the footslope (Table 
7.8). This is in accord with a previous study conducted by Schmer et al. (2012). However, at 
the shoulder position, the fluxes the under medium N rate were significantly higher than the 
high N rate, which was significantly higher than the low N rate (Table 7.8). This differs 
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from the study conducted by Schmer et al. (2012). In a study, Nikièma et al. (2011) reported 
no differences in N2O fluxes between the N fertilizer applications compared with the 
unfertilized switchgrass. However, Wile et al. (2014) reported that the N fertilizer effect on 
N2O emissions was significant in 2008 but not in 2009 in Canada. Many factors impact the 
soil N2O emissions. Combining some findings from the previous studies, the N2O flux is a 
function of soil temperature, θ, soil porosity, net N mineralization (Netmin) from the SOM 
decomposition, soil ammonium (NH4), WFPS, pH, ρb, soil gas diffusivity (D/D0, which is 
a function of WFPS, ρb, and θ at field capacity), and heterotrophic respiration [note: the 
rates of nitrification (Nnit) and denitrification (Ndenit) in soils are also determined by these 
parameters] (Lin et al., 2000; Parton et al., 2001; Tian et al., 2010a; Tian et al., 2010b). 
The N rate increases the SOC and TN at the top depth after continuous N application 
(Blanco-Canqui, 2010; McCarty et al., 1995; Schmer et al., 2011), thus, impacting the 
Netmin,WFPS, pH, ρb, and heterotrophic respiration. This can enhance denitrification rate 
under the higher N rates than the low N rate (Chantigny et al., 1998; Helgason et al., 
2005; Luce et al., 2011), resulting in the significant difference of the N2O fluxes between 
the high N rate and low N rate at the footslope (Table 7.8).  
Furthermore, the N rate significantly impacted the switchgrass yield. At the 
shoulder, the biomass yield of switchgrass under the high and medium N rates was 
significantly higher than that of the low N rate. At the footslope, the yield under the high 
rate was significantly higher than the medium N rate, which was significantly higher than 
the low N rate (Table 7.9). The yield under the high and medium N rates had an upward 
trend from 2016 to 2050 but the yield under the low N rate followed a downward trend 
(Fig. S7.4). The data from this study showed that the medium N rate was considered as 
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the best rate for the switchgrass production both economically (higher biomass yield) and 
environmentally (lower CO2 and N2O fluxes).   
7.4.2. DAYCENT Simulated Impacts of Topography on Soils and the Environment 
The findings from this study showed that, in general, under each N rate, the 
landscape topography significantly impacted the SOC, NO3
-, WFPS, and CO2 and N2O 
fluxes. The SOC density, NO3
- content, CO2 and N2O fluxes at the footslope were mostly 
significantly higher than that at the shoulder, and the WFPS at the footslope was 
significantly lower than the shoulder (Table 7.3 and Table 7.5-7.8). The results are in 
accord with those reported previously (e.g., Guzman and Al-Kaisi, 2011; Khan et al., 
2013; Mbonimpa et al., 2015a; Ofori et al., 2013). The topography can result in soil 
erosion and change the SOM distribution (Guzman and Al-Kaisi, 2011). The shoulder 
position is generally eroded while the depositions occur at the footslope (McCarty and 
Ritchie, 2002). Most of the soil nutrients are accumulated at the footslope position 
(Papiernik et al., 2007), therefore, the SOC density and NO3
- contents are usually higher 
at this position than the shoulder. This can result in an increase of root biomass and soil 
aggregation at the footslope positions and soil degradation at the shoulder positions. The 
increase in the SOM, soil structure, and root biomass at the footslope can primarily 
contribute to decreased ρb (Guzman and Al-Kaisi, 2011), which increase WFPS at the 
footslope (NRCS, 2014a). Also, the increase in the SOM and root biomass at the 
footslope can increase the heterotrophic (majorly from soil microbes) and the autotrophic 
(mainly from plant roots) respiration, respectively, subsequently increasing the CO2 
fluxes at the footslope. Furthermore, the increase in SOC and NO3
- contents at the 
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footslope can enhance the rate of denitrification (Chantigny et al., 1998; Helgason et al., 
2005; Luce et al., 2011), resulting in higher N2O fluxes at the footslope. 
7.4.3. DAYCENT Simulated Impacts of Climate Change on Soils and the 
Environment 
The annual mean air temperature under S4 is greater than S2, but the annual 
precipitation under S4 is less than S2 (Fig. S7.5). The temperature and precipitation 
directly determine the level of soil temperature and moisture, respectively (Kutsch et al., 
2009; Subke and Bahn, 2010). The findings from this study showed that climate 
scenarios significantly impacted NO3
-, WFPS, and N2O fluxes, but did not impact SOC 
and CO2 fluxes (Table 7.3 and Table 7.5-7.8). The NO3
- contents under S2 were 
significantly higher than S4 for each N rate and position (Table 7.5). This is mainly 
because the soil NO3
- was continually supplied through the natural processes of 
mineralization and nitrification of SOM (Randall and Mulla, 2001), in which the appropriate 
soil temperature and moisture under S2 facilitate higher rates of mineralization and 
nitrification of SOM than under S4 scenario. The WFPS under S2 were significantly 
higher than S4 for each N rate and position (Table 7.6). This was majorly because the 
precipitation under S2 was higher than S4 (Fig. S7.5), resulting in higher soil moisture 
for S2, and the temperature under S2 was lower than S4, leading to lower soil moisture 
for S4 through increasing evapotranspiration with the increasing soil temperature (Liu et 
al., 2009; Poll et al., 2013; Shaver et al., 2000).  
Even though the CO2 fluxes under S2 and S4 were not significantly different, the 
CO2 fluxes under S4 were 2.32% and 3.72% higher under the high and medium N rate, 
respectively, compared with S2 (Table 7.7). The N2O fluxes under S2 were significantly 
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higher than S4 under the high N rate or the shoulder and footslope (under the medium 
and low N rates, the mean fluxes under S2 and S4 were not significantly different) (Table 
7.8). This differs from the study by Abdalla et al. (2010) who reported that the soil 
surface N2O fluxes are not projected to increase significantly under the climate change 
(both high- and low-temperature sensitivity scenarios). The N2O emissions from soils are 
mainly generated in the two processes: nitrification and denitrification (Focht and 
Verstraete, 1977), which are affected by the climate change and temperature or their 
interaction function through impacting soil NO3
-, SOM decomposition, WFPS, and crop 
growth (Conant et al., 2011; Glenn et al., 2012). This could result in greater uncertainty 
for prediction of the N2O fluxes. 
7.4.4. Trends of Predicted Parameters  
This study showed that significant trends were observed for different parameters 
under different N rates from 2016 to 2050 (P < 0.05) except for few parameters those 
were not significant based on Kendall trend test (Table 7.4). The SOC density under the 
higher N rates had an upward trend, whereas, under the low N rate showed a downward 
trend (Table 7.4 and Fig. S7.1). This could be attributed to the growing switchgrass, N 
fertilizer, and climate factors. The switchgrass is a perennial plant that has an extensive 
fibrous root system, contributing the organic matter to the soils (Brown et al., 2000; Frank 
et al., 2004). The soils with low initial SOC concentrations can accumulate more SOC 
under perennial energy crops (Kibet et al., 2016). The optimum fertilization encourages the 
growth of plants, which boosts root and top growth. Thus, the continuous N fertilization can 
help to increase or maintain SOC (Malhi et al., 2003; NRCS, 2014b).  
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The soil NO3
- contents under the higher N rates for S4 scenario had a significant 
upward trend but no significant trend for S2, and those under the low N rate had a 
significant downward trend for 2016 to 2050 (Table 7.4 and Fig. S7.2). This could result 
from the interactions of many factors. As mentioned previously, the soil NO3
- is supplied by 
N fertilizer, taken up by plants, leached into underground water, and converted into N 
gasses. Also, the natural processes of mineralization and nitrification of SOM can 
continually supply NO3
- for soils (Randall and Mulla, 2001). Switchgrass deep rooting 
system with the abundant and dense network (Blanco-Canqui, 2010; Clark et al., 1998) 
could have more arbuscular mycorrhizal (AM) fungi, which can increase N 
mineralization from SOM and availability of N (Jackson et al., 2008). However, the 
downward trend in soil NO3
- contents under low N rate (no input of N fertilizer) from 2016 
to 2050 was majorly due to the continuous harvest over the years. 
 WFPS were exhibited significant downward trends for all treatments from 2016 to 
2050 (Table 7.4 and Fig. S7.3). This was primarily due to a decrease of soil moisture 
resulted from increased evapotranspiration by the elevated soil temperature over the years 
(Fig. S7.6) (Liu et al., 2009; Poll et al., 2013; Shaver et al., 2000). The WFPSs were in 
the range of 37 to 54% over the years (Fig. 7.3), which is less than 60%, indicating that 
the WFPS were optimum for switchgrass growth (Linn and Doran, 1984).    
Significant upward trends in CO2 fluxes under the higher N rates, but a slight 
downward trend under the low N rate from 2016 to 2050 were observed (Table 7.4 and 
Fig. 7.1). This was primarily because the increased SOM decomposition resulted from 
increased temperature over the years, increasing CO2 emissions (Davidson and Janssens, 
2006) and plant biomass (Fig. S7.4), and subsequently increasing in C flow to the soil 
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with increased temperature under proper precipitation conditions (Kanerva et al., 2007) 
under the higher N rates. However, under the low N rate, the plant biomass decreased 
over the years (Fig. S7.4), resulting in decreased C flow to the soil over time and 
subsequent downward trend of CO2 fluxes over the years. No significant upward trend in 
N2O fluxes at the footslope position for each N rate from 2016 to 2050 was detected. 
However, at the shoulder position, the fluxes under the higher N rates had a significant 
upward trend (Table 7.4 and Fig. 7.2). The switchgrass field has not been cultivated (no 
soil disturbance) and possesses root perennial and deep rooting system (Blanco-Canqui, 
2010; Clark et al., 1998), that can increase the SOM concentrations (Thomas et al., 1996) 
and lower the ρb (Clark et al., 1998) over the years. The increased SOM can increase 
Netmin, resulting in the increase of Nnit, whereas, the decreased ρb can reduce WFPS, 
reducing Nnit and Ndenit (Martin et al., 1998; Parton et al., 2001). The principal pathway of 
producing the N2O emissions is the denitrification (Bouwman, 1990; Weier et al., 1993). 
Therefore, the decreasing Ndenit resulting from the decreased ρb is the main factor in 
impacting soil N2O fluxes over the years, leading to an insignificant trend of soil N2O 
fluxes over the years. The deep roots add organic matter to the soils, increase the porosity 
which can increase the water infiltration rate over time (Katsvairo et al., 2007). This can 
lead to more leaching of NO3
- from top soil over time, reducing the source of N for 
denitrifying bacteria over time (Hofstra and Bouwman, 2005). The simulation results 
indicated that growing perennial switchgrass can reduce soil surface N2O fluxes over 
time. However, the significant upward trend in N2O fluxes at the shoulder position under 
the higher N rates could be primarily due to the increased temperature that increases 
microbial activities under the higher N rates over the years.   
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7.5. Conclusions 
The SOC, NO3
-, WFPS, CO2 and N2O fluxes, and biomass yield from switchgrass 
field were simulated for the 2016 to 2050 period using the DAYCENT model to evaluate 
the potential long-term impacts of switchgrass production on soils and the environment. 
The DAYCENT models predicted the selected parameters reasonably well based on the 
performance criteria, except for the NO3- contents those were under-estimated by the four 
DAYCENT models based on the validation results. The data showed that the N 
fertilization can improve SOC and soil NO3
- and increase switchgrass yield, but 
negatively impact the environment through increasing N2O and CO2 fluxes to the 
atmosphere. The medium N is the best fertilizer rate for the switchgrass production both 
economically (higher biomass yield) and environmentally (lower CO2 and N2O fluxes). 
The footslope position can be beneficial for the SOC, NO3
-, and yield and the 
environment by sequestering more SOC than that of the shoulder, but also have a 
negative effect on the environment through producing more N2O and CO2 fluxes. The 
increase in temperature and decrease in precipitation (S4 vs. S2) can reduce the soil NO3
- 
contents and WFPS, and increase the CO2 fluxes. The switchgrass production can 
improve the SOC and NO3
-, and generally mitigate the N2O and CO2 fluxes over the 
predicted years. The findings from this study revealed that switchgrass can be used as a 
sustainable energy crop on marginally yielding croplands for improving SOC and 
biomass production, and mitigating GHG fluxes in South Dakota.  
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Table 7.1. Calibration and validation of the DAYCENT model 1-6 using the measured 
soil CO2 fluxes (g m
-2 d-1) (the data in 2010-2012 for calibration and the data in 2014-
2015 for validation), soil temperature (℃), soil moisture (cm3 cm-3), WFPS (%), 
switchgrass yield (Mg ha-1), and SOC (kg m-2 in the 0- to 10-cm depth) under high, 
medium, and low N rates at shoulder and footslope positions in the switchgrass field. 
 
Models Criteria† 
Calibration   Validation 
CO2 flux  CO2 flux Soil-T Soil-M WFPS Yield SOC 
M1:  
High N 
rate at 
Shoulder 
R2 0.62  0.55 0.76 0.49 0.53 0.72 0.16 
ME 0.59  0.50 0.35 0.36 0.37 -0.03 -2.09 
PBIAS (%) 14.2  -10.1 8.35 1.48 6.57 -14.2 -12.5 
RSR 0.63  0.69 0.79 0.80 0.79 0.94 1.57 
M2: 
Medium 
N rate at 
Shoulder 
R2 0.65  0.64 0.80 0.013 0.54 0.63 0.94 
ME/NSE 0.62  0.62 0.24 -0.74 0.48 0.15 0.02 
PBIAS (%) 14.7  -1.40 9.54 -0.40 3.95 -12.7 -3.95 
RSR 0.61  0.60 0.85 1.31 0.72 0.85 0.89 
M3:  
Low N 
rate at 
Shoulder 
R2 0.54  0.53 0.79 0.42 0.43 0.85 0.41 
ME 0.53  0.53 0.53 0.23 0.27 0.23 -1.27 
PBIAS (%) 6.65  0.44 4.49 -6.58 -1.08 -14.1 5.66 
RSR 0.68  0.67 0.67 0.87 0.85 0.82 1.35 
M4:  
High N 
rate at 
Footslope 
R2 0.71  0.74 0.88 0.50 0.47 0.68 0.10 
ME 0.68  0.65 0.62 0.34 0.15 0.34 -13.1 
PBIAS (%) 11.5  -14.5 6.20 -11.3 -15.6 2.55 -21.7 
RSR 0.56  0.58 0.60 0.81 0.92 0.75 3.36 
M5: 
Medium 
N rate at 
Footslope 
R2 0.62  0.61 0.81 0.49 0.44 0.77 0.54 
ME 0.61  0.53 0.44 0.35 0.15 0.20 -3.62 
PBIAS (%) 6.79  -14.5 10.1 -8.93 -14.2 14.0 -11.4 
RSR 0.62  0.67 0.73 0.80 0.91 0.83 1.92 
M6:  
Low N 
rate at 
Footslope 
R2 0.61  0.57 0.88 0.50 0.46 0.52 0.42 
ME 0.47  0.52 0.57 0.17 0.19 -0.88 -25.4 
PBIAS (%) 12.5  -8.54 9.16 -13.6 -12.3 -13.3 -17.7 
RSR 0.72   0.67 0.64 0.90 0.90 1.27 4.59 
†R2 = coefficient of determination (acceptable range: 0.5 ≤ R2 ≤ 1); ME = modeling efficiency (acceptable 
range: 0.5 ≤ ME ≤ 1); RSR = the ratio of the root mean (acceptable range: 0 ≤ RSR ≤ 0.7) squared error to 
standard deviation of measured data; and PBIAS = percent bias (acceptable range: -15% ≤ PBIAS ≤ 15%). 
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Table 7.2. Calibration and validation of the DAYCENT model 7-12 using the measured 
soil N2O fluxes (g ha
-1 d-1) (the data in 2010-2012 for calibration and the data in 2014-
2015 for validation), soil temperature (soil-T, ℃), soil moisture (soil-M, cm3 cm-3), 
WFPS (%), switchgrass yield (Mg ha-1), and NO3
- (mg kg-1) under high, medium, and 
low N rates at shoulder and footslope positions in the switchgrass field. 
 
Models Criteria† 
Calibration   Validation 
N2O flux  N2O flux Soil-T Soil-M WFPS Yield NO3
- 
M7:  
High N 
rate at 
Shoulder 
R2 0.65  0.03 0.77 0.56 0.57 0.59 0.20 
ME 0.19  -5.49 0.63 0.45 0.51 0.43 -2.00 
PBIAS (%) 6.45  -1.35 0.29 0.71 -0.01 -5.88 -32.3 
RSR 0.88  2.49 0.60 0.74 0.698 0.69 0.98 
M8: 
Medium 
N rate at 
Shoulder 
R2 0.63  0.01 0.75 0.53 0.53 0.80 0.68 
ME 0.53  -2.25 0.35 0.33 0.32 0.40 -1.37 
PBIAS (%) -13.8  5.19 6.80 -14.1 -14.4 -10.9 -58.0 
RSR 0.67  1.76 0.79 0.81 0.82 0.72 1.38 
M9:  
Low N 
rate at 
Shoulder 
R2 0.41  0.13 0.82 0.50 0.50 0.74 0.53 
ME 0.17  -5.15 0.63 0.40 0.31 0.51 0.31 
PBIAS (%) -10.8  -0.85 1.79 3.79 9.90 -1.05 -29.6 
RSR 0.90  2.43 0.59 0.77 0.83 0.65 0.74 
M10: 
High N 
rate at 
Footslope 
R2 0.62  0.05 0.86 0.47 0.48 0.62 0.83 
ME 0.50  -3.22 0.62 0.25 0.32 0.06 0.6 
PBIAS (%) -3.64  4.95 6.04 -12.1 -10.8 13.0 -11.8 
RSR 0.698  2.01 0.61 0.86 0.82 0.90 0.57 
M11: 
Medium 
N rate at 
Footslope 
R2 0.52  0.01 0.85 0.48 0.47 0.80 0.44 
ME 0.32  -1.38 0.72 0.15 0.19 0.49 -0.19 
PBIAS (%) 3.34  4.37 4.75 -14.7 -14.8 9.81 -1.75 
RSR 0.81  1.50 0.52 0.91 0.89 0.66 0.98 
M12: 
Low N 
rate at 
Footslope 
R2 0.54  0.01 0.86 0.52 0.45 0.73 0.69 
ME 0.31  -2.77 0.39 0.18 -0.12 0.52 -0.17 
PBIAS (%) 10.6  -7.77 12.2 -14.9 -19.1 -1.82 -49.1 
RSR 0.82   1.90 0.76 0.90 1.05 0.64 0.97 
†R2 = coefficient of determination (acceptable range: 0.5 ≤ R2 ≤ 1); ME = modeling efficiency (acceptable 
range: 0.5 ≤ ME ≤ 1); RSR = the ratio of the root mean (acceptable range: 0 ≤ RSR ≤ 0.7) squared error to 
standard deviation of measured data; and PBIAS = percent bias (acceptable range: -15% ≤ PBIAS ≤ 15%). 
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Table 7.3. Mean growing season SOC density in the 0- to 10-cm depth from 2016 to 2050 
under high, medium, and low N rates at shoulder and footslope positions in the switchgrass 
field predicted using DAYCENT models based on the two climate change scenarios S2 and 
S4. 
 
Treatments 
SOC 
S2ǂ  S4ǂ 
 -------------------------- kg m-2 ------------------------- 
N Rate       
  High 2.72aA†  2.77aA 
  Medium 2.25cA  2.28cA 
  Low 2.43bA  2.44bA 
Position      
  Shoulder 2.18bA  2.20bA 
  Footslope 2.76aA  2.80aA 
 Analysis of Variance (P>F) 
N Rate  <0.001  <0.001 
Position <0.001  <0.001 
N Rate×Position <0.001  <0.001 
 N Rate×Position§ 
 Shoulder  Footslope   Shoulder  Footslope 
  High 2.39aB 3.06aA  2.43aB 3.12aA 
  Medium 1.81bB 2.68bA  1.84bB 2.73bA 
  Low 2.33aB 2.53cA   2.34aB 2.55cA 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for the treatments. Means within the same row followed by different 
capital letters are significantly different at P<0.05 for the treatments. 
ǂS2 and S4 are the two types of future climate scenarios. S2 represents future climate 
scenario 2 in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes 
future climate scenario 4 in response to the high emissions scenario 4 (RCP8.5 W m-2). 
RCP, Representative Concentration Pathway. 
§This is the results that the data were analyzed separately for each N rate and position 
because of the P values of N rate × Position < 0.05.    
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Table 7.4. Trend test p-values and trend slopes of the mean growing season SOC density, 
soil NO3, WFPS, and CO2 and N2O fluxes from 2016 to 2050 under high, medium, and low 
N rates at shoulder and footslope positions in the switchgrass field predicted by using 
DAYCENT models based on the two climate change scenarios S2 and S4. 
 
Treatment 
Trend  
test† 
SOC NO3 WFPS CO2 N2O 
kg m-2 mg kg-1 % g m-2 d-1 g ha-1 d-1 
  Climate Scenario 2 
Shoulder       
  High 
p-value 0.16 0.21 <0.001 <0.001 <0.001 
Slope 0.0005 0.0098 -0.0380 0.0138 0.0350 
  Medium 
p-value <0.001 0.67 0.01 <0.001 <0.001 
Slope -0.0046 0.0004 -0.0300 0.0134 0.0181 
  Low 
p-value <0.001 <0.001 <0.001 <0.001 <0.001 
Slope -0.0075 -0.0030 -0.0540 -0.0146 -0.0150 
Footslope       
  High 
p-value <0.001 0.84 <0.001 <0.001 0.98 
Slope 0.0326 -0.0005 -0.0340 0.0187 -0.0016 
  Medium 
p-value 0.002 0.75 0.01 <0.001 0.24 
Slope 0.0025 -0.0010 -0.0362 0.0077 0.0021 
  Low 
p-value <0.001 <0.001 <0.001 <0.001 <0.001 
Slope -0.0075 -0.0030 -0.0540 -0.0146 -0.0150 
  Climate Scenario 4 
Shoulder       
  High 
p-value <0.001 <0.001 <0.001 <0.001 <0.001 
Slope 0.0050 0.0120 -0.0391 0.0223 0.0310 
  Medium 
p-value <0.001 <0.001 <0.001 0.01 0.01 
Slope -0.0022 0.0052 -0.1194 0.0184 0.0047 
  Low 
p-value <0.001 <0.001 <0.001 0.01 <0.001 
Slope -0.0068 -0.0150 -0.0375 -0.0029 -0.0163 
Footslope       
  High 
p-value <0.001 0.002 <0.001 <0.001 0.21 
Slope 0.0352 0.0095 -0.0440 0.0188 0.0046 
  Medium 
p-value <0.001 <0.001 <0.001 0.01 0.11 
Slope 0.0048 0.0089 -0.0661 0.0109 0.0097 
  Low 
p-value <0.001 <0.001 <0.001 0.01 <0.001 
Slope -0.0068 -0.0025 -0.0375 -0.0029 -0.0163 
†p-values were from the results of trend tests using the Mann-Kendall method. Slopes were estimated 
by using the Sen Estimator. 
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Table 7.5. Mean growing season soil NO3
- content in the 5- to 10-cm depth from 2016 to 
2050 under high, medium, and low N rates at shoulder and footslope positions in the 
switchgrass field predicted using DAYCENT models based on the two climate change 
scenarios S2 and S4. 
 
Treatments 
Soil NO3
- 
S2ǂ  S4ǂ 
 ------------------------ mg kg-1------------------------ 
N Rate       
  High 9.17aA†  9.02aB 
  Medium 2.72bA  2.63bB 
  Low 0.68cA  0.65cB 
Position      
  Shoulder 3.29bA  3.22bB 
  Footslope 5.09aA  4.98aB 
 Analysis of Variance (P>F) 
N Rate  <0.001  <0.001 
Position <0.001  <0.001 
N Rate×Position <0.001  <0.001 
 N Rate×Position§ 
 Shoulder  Footslope   Shoulder  Footslope 
  High 7.34aB 11.00aA  7.22aB 10.81aA 
  Medium 1.83bB 3.61bA  1.76bB 3.50bA 
  Low 0.70cA 0.67cA   0.68cA 0.63cB 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for the treatments. Means within the same row followed by different 
capital letters are significantly different at P<0.05 for the treatments. 
ǂS2 and S4 are the two types of future climate scenarios. S2 represents future 
climate scenario 2 in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 
denotes future climate scenario 4 in response to the high emissions scenario 4 
(RCP8.5 W m-2). RCP, Representative Concentration Pathway. 
§This is the results that the data were analyzed separately for each N rate and 
position because of the P values of N rate × Position < 0.05. 
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Table 7.6. Mean growing season soil water-filled pore space (WFPS) in the 5- to 10-cm 
depth from 2016 to 2050 under high, medium, and low N rates at shoulder and footslope 
positions in the switchgrass field predicted using DAYCENT models based on the two 
climate change scenarios S2 and S4. 
 
Treatments 
WFPS 
S2ǂ  S4ǂ 
 -------------------------- % -------------------------- 
N Rate       
  High 46.03abA†  44.28bB 
  Medium 46.41aA  44.83aB 
  Low 45.57bA  44.06bB 
Position      
  Shoulder 51.00aA  49.38aB 
  Footslope 41.01bA  39.40bB 
 Analysis of Variance (P>F) 
N Rate  0.002  <0.001 
Position <0.001  <0.001 
N Rate×Position <0.001  <0.001 
 N Rate×Position§ 
  Shoulder  Footslope   Shoulder Footslope 
  High 51.91aA 40.15bB  49.88aA 38.67bB 
  Medium 50.09bA 42.72aB  48.94bA 40.72aB 
  Low 50.99abA 40.15bB   49.32abA 38.80bB 
†Means within the same column followed by different small letters are significantly different 
at P<0.05 for the treatments. Means within the same row followed by different capital letters 
are significantly different at P<0.05 for the treatments. 
ǂS2 and S4 are the two types of future climate scenarios. S2 represents future climate 
scenario 2 in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes future 
climate scenario 4 in response to the high emissions scenario 4 (RCP8.5 W m-2). RCP, 
Representative Concentration Pathway. 
§This is the results that the data were analyzed separately for each N rate and position 
because of the P values of N rate × Position < 0.05. 
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Table 7.7. Mean growing season soil CO2 flux from 2016 to 2050 under high, medium, and 
low N rates at shoulder and footslope positions in the switchgrass field predicted using 
DAYCENT models based on the two climate change scenarios S2 and S4. 
 
Treatments 
CO2 fluxes 
S2ǂ  S4ǂ 
 ------------------------ g m-2 d-1------------------------ 
N Rate       
  High 2.15aA†  2.20aA 
  Medium 1.88bA  1.95cA 
  Low 2.16aA  2.10bA 
Position      
  Shoulder 1.90bA  1.95bA 
  Footslope 2.23aA  2.22aA 
 Analysis of Variance (P>F) 
N Rate  <0.001  <0.001 
Position <0.001  <0.001 
N Rate×Position <0.001  <0.001 
 N Rate×Position§ 
 Shoulder  Footslope   Shoulder  Footslope 
  High 1.91abB 2.39aA  2.00aB 2.40aA 
  Medium 1.83bA 1.93bA  1.95aA 1.95bA 
  Low 1.96aB 2.37aA   1.89aB 2.31aA 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for the treatments. Means within the same row followed by different 
capital letters are significantly different at P<0.05 for the treatments. 
ǂS2 and S4 are the two types of future climate scenarios. S2 represents future climate 
scenario 2 in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes 
future climate scenario 4 in response to the high emissions scenario 4 (RCP8.5 W m-2). 
RCP, Representative Concentration Pathway. 
§This is the results that the data were analyzed separately for each N rate and position 
because of the P values of N rate × Position < 0.05. 
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Table 7.8. Mean growing season soil N2O flux from 2016 to 2050 under high, medium, and 
low N rates at shoulder and footslope positions in the switchgrass field predicted using 
DAYCENT models based on the two climate change scenarios S2 and S4. 
 
Treatments 
N2O fluxes 
S2ǂ  S4ǂ 
 ------------------------ g ha-1 d-1 ------------------------ 
N Rate       
  High 3.61aA†  3.37bB 
  Medium 3.58aA  3.52aA 
  Low 1.84bA  1.75cA 
Position      
  Shoulder 3.07aA  2.97aB 
  Footslope 2.95bA  2.79bB 
 Analysis of Variance (P>F) 
N Rate  <0.001  <0.001 
Position <0.001  <0.001 
N Rate×Position <0.001  <0.001 
 N Rate×Position§ 
 Shoulder  Footslope   Shoulder  Footslope 
  High 3.30bB 3.92aA  3.10bB 3.65aA 
  Medium 4.17aA 3.00bB  4.14aA 2.89bB 
  Low 1.74cB 1.94cA   1.66cB 1.84cA 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for the treatments. Means within the same row followed by different 
capital letters are significantly different at P<0.05 for the treatments. 
ǂS2 and S4 are the two types of future climate scenarios. S2 represents future climate 
scenario 2 in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes 
future climate scenario 4 in response to the high emissions scenario 4 (RCP8.5 W m-2). 
RCP, Representative Concentration Pathway. 
§This is the results that the data were analyzed separately for each N rate and position 
because of the P values of N rate × Position < 0.05. 
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Table 7.9. Mean switchgrass biomass yield from 2016 to 2050 under high, medium, and low 
N rates at shoulder and footslope positions in the switchgrass field predicted by using 
DAYCENT models based on the two climate change scenarios S2 and S4. 
 
Treatments 
Yield 
S2ǂ  S4ǂ 
 ------------------------ Mg ha-1 ------------------------ 
N Rate  5.93aA†  5.87aA 
  High 5.64bA  5.60bA 
  Medium 3.39cA  3.33cA 
  Low     
Position 4.59bA  4.55bA 
  Shoulder 5.38aA  5.31aA 
  Footslope      
 Analysis of Variance (P>F) 
N Rate  <0.001  <0.001 
Position <0.001  <0.001 
N Rate×Position <0.001  <0.001 
 N Rate×Position§ 
  Shoulder  Footslope   Shoulder  Footslope 
  High 5.22aB 6.63aA  5.20aB 6.54aA 
  Medium 5.11aB 6.17bA  5.09aB 6.11bA 
  Low 3.44bA 3.34cA   3.36bA 3.29cA 
†Means within the same column followed by different small letters are significantly 
different at P<0.05 for the treatments. Means within the same row followed by different 
capital letters are significantly different at P<0.05 for the treatments. 
ǂS2 and S4 are the two types of future climate scenarios. S2 represents future climate 
scenario 2 in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes 
future climate scenario 4 in response to the high emissions scenario 4 (RCP8.5 W m-2). 
RCP, Representative Concentration Pathway. 
§This is the results that the data were analyzed separately for each N rate and position 
because of the P values of N rate × Position < 0.05. 
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Fig. 7.1. Trends of the predicted mean growing season soil CO2 fluxes under high, 
medium, and low N rates at shoulder for S2 (A) and for S4 (B), at footslope for S2 (C) 
and for S4 (D), and the mean at shoulder and footslope for S2 (E) and S4 (F) in the 
switchgrass field from 2016 to 2050. S2 represents future climate scenario 2, which 
is in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes future 
climate scenario 4, which is in response to the high emissions scenario 4 (RCP8.5 
W m-2). RCP, Representative Concentration Pathway. 
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Fig. 7.2. Trends of the predicted mean growing season soil N2O fluxes under high, 
medium, and low N rates at shoulder for S2 (A) and for S4 (B), at footslope for S2 (C) and 
for S4 (D), and the mean at shoulder and footslope for S2 (E) and S4 (F) in the switchgrass 
field from 2016 to 2050. S2 represents future climate scenario 2, which is in response to 
the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes future climate scenario 4, 
which is in response to the high emissions scenario 4 (RCP8.5 W m-2). RCP, 
Representative Concentration Pathway. 
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Fig. S7.1. Trends of the predicted mean growing season SOC density in the 0- to 10-cm 
depth under high, medium, and low N rates at shoulder position in the switchgrass field from 
2016-2050. H, high N rate. M, medium N rate. L, low N rate. S2 represents future climate 
scenario 2, which is in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 
denotes future climate scenario 4, which is in response to the high emissions scenario 4 
(RCP8.5 W m-2). RCP, Representative Concentration Pathway. 
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Fig. S7.2. Trends of the predicted mean growing season soil NO3
- in the 5- to 10-cm depth 
under high, medium, and low N rates at shoulder position in the switchgrass field from 2016 
to 2050. H, high N rate. M, medium N rate. L, low N rate. S2 represents future climate 
scenario 2, which is in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 
denotes future climate scenario 4, which is in response to the high emissions scenario 4 
(RCP8.5 W m-2). RCP, Representative Concentration Pathway. 
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Fig. S7.3. Trends of the predicted mean growing season WFPS in the 5- to 10-cm depth 
under high, medium, and low N rates at shoulder position in the switchgrass field from 2016 
to 2050. H, high N rate. M, medium N rate. L, low N rate. S2 represents future climate 
scenario 2, which is in response to the low emissions scenario 2 (RCP4.5 W m-2). S4 
denotes future climate scenario 4, which is in response to the high emissions scenario 4 
(RCP8.5 W m-2). RCP, Representative Concentration Pathway. 
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Fig. S7.4. Trends of the predicted annual switchgrass biomass yields (Mg ha-1) under high, 
medium, and low N rates at shoulder and footslope positions in the switchgrass field from 
2016 to 2050. H, high N rate. M, medium N rate. L, low N rate. S2 represents future 
climate scenario 2, which is in response to the low emissions scenario 2 (RCP4.5 W m-2). 
S4 denotes future climate scenario 4, which is in response to the high emissions scenario 
4 (RCP8.5 W m-2). RCP, Representative Concentration Pathway. 
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Fig. S7.5. Trends of the predicted annual precipitation (mm) and mean air temperature 
(℃) from 2016 to 2050. S2 represents future climate scenario 2, which is in response to 
the low emissions scenario 2 (RCP4.5 W m-2). S4 denotes future climate scenario 4, 
which is in response to the high emissions scenario 4 (RCP8.5 W m-2). RCP, 
Representative Concentration Pathway. 
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CHAPTER 8 
CONCLUSIONS 
Soil properties, water leaching, and greenhouse gases from switchgrass field 
managed with the high, medium, and low nitrogen fertilization rates under shoulder, 
backslope, and footslope positions were studied from 2014 through 2017. The study site 
was located 45°16'24.55"N, 97°50'13.34"W, near Bristol, South Dakota, USA. The 
experiment was a split-plot design with 3 landscape positions (shoulder, backslope, and 
footslope) and 3 N rates (low, 0 kg N ha-1; medium, 56 kg N ha-1; and high, 112 kg N ha-
1) with 4 replications. The plot size was 21.3 m by 365.8 m with 2-20% slope. The 
switchgrass was planted on May 17, 2008. The previous crop grown at this location was 
soybean (Glycine max. L.). Switchgrass was harvested once annually around a killing 
frost every year since 2009. The soils at the site are dominated by loamy soils. 
The following conclusions were determined from the five experimental studies: 
 
Study 1 – Soil Properties 
(1) The N fertilization rate did not impact soil pH, SOC, TN, ρb, SOC stock, and P.  
(2) Soil parameters such as the SOC, TN, SOC stock, and P at the footslope position 
were, generally, significantly higher than those at the backslope and shoulder, and 
soil pH and ρb at the footslope were significantly lower than the backslope and 
shoulder positions. The footslope position was beneficial for improving the SOC 
and TN than those at the shoulder and backslope. 
(3) Switchgrass production improved and maintained the soil properties of the 
marginally yielding croplands in South Dakota. 
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Study 2 – Dissolved Organic Carbon (DOC)  
(1) The DOC leaching contents at the backslope position were significantly lower 
with medium N rate than that with low N rate. However, the DOC contents with 
high and low N rate at the backslope position were significantly lower than that at 
the footslope. 
(2) The DOC leaching was positively correlated with the annual precipitation and 
switchgrass yield.  
(3) There was not a clear trend observed in the DOC leaching contents due to the 
landscape positions and N rates for the 2009 through 2014 period.  
 
Study 3 – Nitrogen Dynamics 
(1) The N fertilization rate impacted the soil surface N2O fluxes and soil NO3- (0- to 
5-cm depth). Soil NO3
- in the 0-5 cm depth reduced with the increase in the N rate, 
however, N2O fluxes increased with the increase in the N rate. The N rate did not 
impact the soil NO3
- leaching.  
(2) The Medium N rate (56 kg N ha-1) was the optimal rate for the switchgrass 
production to increase the biomass yield and reduce the N2O emissions and NO3
- 
leaching. 
(3) Topography significantly impacted the N dynamics. Soil NO3-, NO3- leaching, and 
soil N2O fluxes were, in general, higher at the footslope compared to the backslope 
and shoulder positions.  
(4) Switchgrass seeded on marginally yielding cropland stored N nutrient, reduced N 
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leaching, and mitigated N2O emissions to the atmosphere over the observed years. 
 
Study 4 – Simulated Soil Surface Carbon Dioxide Fluxes 
(1) Soil surface CO2 fluxes were monitored continuously from 2011 through 2014 
using high-frequency measurements from the switchgrass field managed with the 
high N rate at the should position. These fluxes were higher in 2012 compared to 
other observed years. 
(2) Soil surface CO2 fluxes were further simulated using the DAYCENT model, 
calibrated with the CPTE methodology from the switchgrass land. The CPTE 
methodology that combined the “trial and error” and PEST model was an 
effective method to calibrate and validate DAYCENT model for reducing the 
biases of model predictions. 
(3) The DAYCENT simulation results showed an increasing trend of the CO2 fluxes 
from 2011 to 2070 with a polynomial curve. The simulated future CO2 emissions 
from the switchgrass land in South Dakota would generally be insignificantly 
different with changes in temperature and precipitation, therefore, switchgrass 
grown for longer duration could reduce changes in CO2 fluxes from soil as a 
result of temperature and precipitation changes within the ranges of the climate 
scenarios to some extent.  
 
Study 5 – Predicted Soil Properties, Soil Water, GHG Emissions, and Yield 
(1) DAYCENT Modeling results showed that the N fertilizer improved SOC and soil 
NO3
- and increased switchgrass yield, but negatively impacted the environment by 
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increasing N2O and CO2 fluxes to the atmosphere. The medium N rate, thus, was 
the optimum rate for the switchgrass both economically (higher biomass yield) 
and environmentally (lower CO2 and N2O fluxes).  
(2) The footslope position benefited to the SOC and NO3- and increased switchgrass 
yield, but negatively impacted the environment through adding more N2O and 
CO2 fluxes to the atmosphere compared with the shoulder position.  
(3) Switchgrass production on marginally yielding croplands can improve SOC and 
NO3
- and help in mitigating the GHG emissions over the long-term. 
 
SUMMARY 
This study was conducted to assess the potential soil and environmental impacts 
associated with the switchgrass production seeded on a marginally yielding cropland and 
managed with N fertilization rate and landscape position. The measured parameters 
included the soil pH, SOC, TN, ρb, SOC stock, and P, NO3
-, DOC and NO3
- leaching, soil 
N2O and CO2 fluxes, and switchgrass biomass yield. The N fertilizer rate did not 
significantly impact the soil NO3
- leaching, pH, ρb, SOC stock, P, and soil CO2 fluxes. 
The N fertilization, however, increased the soil surface N2O fluxes. The footslope 
position was beneficial for the soil pH, SOC, TN, NO3
-, ρb, SOC stock, and P, but 
negatively influenced the environment through adding more N2O and CO2 fluxes to the 
atmosphere and DOC and NO3
- leaching to underground water, compared with the 
backslope and shoulder positions. The present study concluded that the switchgrass, 
when seeded on marginally yielding croplands, can act as a sustainable bioenergy crop 
through improving and maintaining soil properties, storing N nutrient, and reducing NO3
- 
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leaching. Furthermore, the medium N rate (56 kg N ha-1) was the optimal rate for the 
switchgrass fields to increase the biomass yield and reduce the soil N2O emissions and 
NO3
- leaching. 
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                                                                                          APPENDIX 1 
A1. Soil organic carbon (SOC), total nitrogen (TN), phosphorus (P), pH, and bulk density (ρb), SOC stock (SOCS), and soil 
nitrate (NO3) for the 0- to 5-, 5- to 15-, 15- to 30-, 30- to 60-, and 60- to 100-cm depths from 2009 to 2013 under switchgrass 
managed with high, medium, and low N rates at the shoulder, backslope, and footslope positions in Chapter 3 and Chapter 5 
(NO3). Note: POS, position; S, shoulder; B, backslope; F, footslope; NRT, N fertilization rate; L, low; M, medium; H, high; 
REP, replication. 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 103 0-5 B H 1 22.35 1.639 15.00 7.66 1.42 15.87 6.072 
2009 203 0-5 B H 2 16.11 1.007 6.00 8.07 1.32 10.63 4.971 
2009 301 0-5 B H 3 23.50 2.020 23.00 7.71 1.32 15.51 4.066 
2009 402 0-5 B H 4 25.30 2.479 7.00 8.22 1.48 18.72 5.343 
2009 101 0-5 B L 1 21.89 1.801 8.00 8.21 - - 6.886 
2009 202 0-5 B L 2 20.15 1.665 9.00 7.85 1.25 12.59 4.145 
2009 302 0-5 B L 3 29.05 2.497 23.00 7.87 1.32 19.17 6.959 
2009 401 0-5 B L 4 33.39 2.734 14.00 7.85 1.18 19.70 5.188 
2009 102 0-5 B M 1 21.68 1.732 13.00 8.23 1.34 14.53 5.492 
2009 201 0-5 B M 2 24.95 1.918 9.00 8.16 1.37 17.09 7.978 
2009 303 0-5 B M 3 23.94 2.238 26.00 7.68 1.35 16.16 5.351 
2009 403 0-5 B M 4 18.18 1.908 5.00 8.26 1.06 9.64 5.078 
2009 103 0-5 F H 1 28.42 2.035 37.00 7.81 1.00 14.21 4.721 
2009 203 0-5 F H 2 31.74 2.489 22.00 7.82 1.13 17.93 14.832 
2009 301 0-5 F H 3 38.53 2.928 55.00 7.16 0.75 14.45 5.622 
2009 402 0-5 F H 4 22.66 2.143 35.00 8.05 1.20 13.60 8.411 
2009 101 0-5 F L 1 35.66 2.802 25.00 8.20 0.95 16.94 6.331 
2009 202 0-5 F L 2 32.30 2.696 33.00 7.87 1.02 16.47 6.874 
2009 302 0-5 F L 3 36.57 2.999 40.00 7.48 1.21 22.12 5.829 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 401 0-5 F L 4 23.02 2.024 41.00 7.88 0.86 9.90 5.181 
2009 102 0-5 F M 1 33.29 2.643 34.00 7.92 0.86 14.31 8.441 
2009 201 0-5 F M 2 27.92 2.140 30.00 7.97 1.16 16.19 5.122 
2009 303 0-5 F M 3 32.88 2.755 37.00 7.58 1.15 18.91 6.667 
2009 403 0-5 F M 4 19.34 1.943 43.00 8.04 0.89 8.61 7.662 
2009 103 0-5 S H 1 24.48 1.924 17.00 8.09 1.42 17.38 6.015 
2009 203 0-5 S H 2 25.47 2.112 13.00 7.86 1.52 19.36 11.242 
2009 301 0-5 S H 3 16.06 1.078 6.00 7.97 1.40 11.24 5.299 
2009 402 0-5 S H 4 19.25 1.752 6.00 8.32 1.41 13.57 5.989 
2009 101 0-5 S L 1 19.57 1.479 10.00 8.23 1.43 13.99 5.980 
2009 202 0-5 S L 2 17.63 1.229 9.00 7.51 - - 4.560 
2009 302 0-5 S L 3 20.78 1.853 8.00 7.96 1.06 11.01 6.133 
2009 401 0-5 S L 4 22.74 2.029 9.00 8.07 1.41 16.03 5.473 
2009 102 0-5 S M 1 21.14 1.687 19.00 8.15 0.99 10.46 5.785 
2009 201 0-5 S M 2 15.40 0.883 7.00 8.23 1.55 11.94 3.947 
2009 303 0-5 S M 3 19.61 1.547 4.00 7.96 1.15 11.28 5.615 
2009 403 0-5 S M 4 18.86 1.854 5.00 8.26 1.40 13.20 5.681 
2009 103 5-15 B H 1 24.95 0.460 7.00 7.81 1.23 30.69 5.757 
2009 203 5-15 B H 2 7.19 2.235 6.00 8.05 1.48 10.64 5.113 
2009 301 5-15 B H 3 22.95 1.917 9.00 7.56 1.35 30.98 3.789 
2009 402 5-15 B H 4 22.88 2.177 5.00 8.17 1.15 26.31 5.719 
2009 101 5-15 B L 1 19.32 1.561 3.00 8.18 1.13 21.83 5.782 
2009 202 5-15 B L 2 19.30 1.739 8.00 7.72 1.40 27.02 5.517 
2009 302 5-15 B L 3 29.09 2.375 9.00 7.66 1.14 33.16 5.348 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 401 5-15 B L 4 29.33 2.389 6.00 7.75 1.08 31.68 5.577 
2009 102 5-15 B M 1 19.44 1.589 6.00 8.26 0.96 18.66 4.831 
2009 201 5-15 B M 2 20.93 1.750 2.00 8.27 1.36 28.46 5.753 
2009 303 5-15 B M 3 25.69 2.156 7.00 7.58 1.17 30.06 4.779 
2009 403 5-15 B M 4 24.54 1.719 31.00 8.04 0.97 23.80 5.252 
2009 103 5-15 F H 1 24.10 2.065 21.00 7.90 1.19 28.68 6.179 
2009 203 5-15 F H 2 22.48 1.990 6.00 7.79 1.24 27.88 10.318 
2009 301 5-15 F H 3 36.80 3.009 11.00 6.74 1.14 41.95 0.118 
2009 402 5-15 F H 4 25.98 1.996 28.00 8.07 1.09 28.32 4.855 
2009 101 5-15 F L 1 30.54 2.665 10.00 8.11 1.08 32.98 5.769 
2009 202 5-15 F L 2 26.78 2.328 30.00 7.81 1.21 32.40 4.200 
2009 302 5-15 F L 3 28.55 2.301 18.00 7.72 1.06 30.26 4.526 
2009 401 5-15 F L 4 23.07 1.950 30.00 7.81 1.12 25.84 5.023 
2009 102 5-15 F M 1 30.05 2.515 16.00 7.80 0.86 25.84 4.907 
2009 201 5-15 F M 2 27.05 2.370 27.00 8.00 1.05 28.40 5.025 
2009 303 5-15 F M 3 33.06 2.763 39.00 7.27 1.18 39.01 4.171 
2009 403 5-15 F M 4 18.01 1.575 9.00 8.10 1.02 18.37 5.163 
2009 103 5-15 S H 1 19.31 1.620 6.00 8.18 1.00 19.31 5.965 
2009 203 5-15 S H 2 17.99 1.787 5.00 8.04 - - 9.745 
2009 301 5-15 S H 3 17.07 1.435 2.00 7.97 1.34 22.87 4.389 
2009 402 5-15 S H 4 19.47 1.615 2.00 8.30 1.34 26.09 5.453 
2009 101 5-15 S L 1 14.69 1.183 4.00 8.33 1.25 18.36 5.568 
2009 202 5-15 S L 2 13.34 0.972 2.00 7.72 1.27 16.94 3.666 
2009 302 5-15 S L 3 18.69 1.774 4.00 7.99 1.24 23.18 5.361 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 401 5-15 S L 4 17.59 1.562 4.00 8.13 1.21 21.28 3.565 
2009 102 5-15 S M 1 18.40 1.612 6.00 8.14 1.20 22.08 8.176 
2009 201 5-15 S M 2 9.26 0.702 2.00 8.29 1.44 13.33 4.788 
2009 303 5-15 S M 3 17.63 1.503 3.00 8.06 1.34 23.62 5.390 
2009 403 5-15 S M 4 10.34 0.723 1.00 8.37 1.26 13.03 5.230 
2009 103 15-30 B H 1 16.67 1.060 2.00 7.87 1.20 30.01 5.741 
2009 203 15-30 B H 2 10.95 0.817 1.00 8.10 1.34 22.01 3.994 
2009 301 15-30 B H 3 32.79 2.613 30.00 6.92 1.28 62.96 4.252 
2009 402 15-30 B H 4 10.06 2.337 2.00 8.34 1.35 20.37 4.967 
2009 101 15-30 B L 1 12.31 0.827 1.00 8.31 1.32 24.37 5.519 
2009 202 15-30 B L 2 12.98 1.204 1.00 7.76 1.18 22.97 4.163 
2009 302 15-30 B L 3 23.51 2.044 9.00 7.41 1.16 40.91 3.997 
2009 401 15-30 B L 4 24.10 2.472 2.00 7.90 1.43 51.69 4.168 
2009 102 15-30 B M 1 14.26 0.890 3.00 8.18 1.28 27.38 9.970 
2009 201 15-30 B M 2 20.69 1.811 2.00 8.19 1.21 37.55 6.297 
2009 303 15-30 B M 3 24.47 1.990 4.00 7.59 1.10 40.38 6.044 
2009 403 15-30 B M 4 14.64 1.085 2.00 8.37 1.32 28.99 6.195 
2009 103 15-30 F H 1 19.80 1.192 2.00 7.93 1.06 31.48 5.248 
2009 203 15-30 F H 2 25.23 2.062 3.00 7.67 1.16 43.90 7.474 
2009 301 15-30 F H 3 - 2.331 - 7.04 0.92 - 4.486 
2009 402 15-30 F H 4 32.69 0.959 18.00 7.95 1.14 55.90 4.269 
2009 101 15-30 F L 1 30.68 2.404 4.00 7.84 1.17 53.84 3.754 
2009 202 15-30 F L 2 28.62 2.393 15.00 7.59 1.16 49.80 4.497 
2009 302 15-30 F L 3 25.08 2.123 9.00 7.18 1.03 38.75 5.110 
 
 
257 
 
 
 
A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 401 15-30 F L 4 16.44 1.121 13.00 7.61 1.01 24.91 4.990 
2009 102 15-30 F M 1 23.02 1.851 5.00 7.64 1.21 41.78 15.343 
2009 201 15-30 F M 2 29.70 2.267 11.00 7.86 1.13 50.34 4.504 
2009 303 15-30 F M 3 29.32 2.443 13.00 7.30 1.16 51.02 4.494 
2009 403 15-30 F M 4 33.43 2.706 20.00 7.91 1.17 58.67 6.321 
2009 103 15-30 S H 1 13.05 0.703 1.00 8.28 1.32 25.84 5.589 
2009 203 15-30 S H 2 12.71 0.823 2.00 8.20 - - 6.286 
2009 301 15-30 S H 3 10.49 0.598 1.00 8.09 1.47 23.13 3.682 
2009 402 15-30 S H 4 15.70 0.948 2.00 8.38 1.23 28.97 5.746 
2009 101 15-30 S L 1 9.67 0.713 1.00 8.42 1.41 20.45 4.776 
2009 202 15-30 S L 2 8.66 0.505 1.00 7.94 1.53 19.87 4.675 
2009 302 15-30 S L 3 13.25 0.867 2.00 8.11 1.34 26.63 5.643 
2009 401 15-30 S L 4 11.02 0.884 2.00 8.18 1.27 20.99 5.332 
2009 102 15-30 S M 1 9.99 0.627 2.00 8.19 1.35 20.23 12.099 
2009 201 15-30 S M 2 7.90 0.381 2.00 8.47 1.52 18.01 4.460 
2009 303 15-30 S M 3 12.05 0.826 2.00 8.16 1.28 23.14 4.488 
2009 403 15-30 S M 4 10.99 0.836 1.00 8.36 1.39 22.91 5.564 
2009 103 30-60 B H 1 15.05 0.800 1.00 7.98 1.34 60.50 4.762 
2009 203 30-60 B H 2 8.16 0.461 1.00 8.24 1.51 36.96 4.230 
2009 301 30-60 B H 3 15.47 1.131 5.00 7.60 1.37 63.58 3.776 
2009 402 30-60 B H 4 - 1.541 2.00 8.46 1.43 - 4.953 
2009 101 30-60 B L 1 5.56 0.465 1.00 8.40 1.54 25.69 4.149 
2009 202 30-60 B L 2 10.27 0.704 18.00 7.98 1.41 43.44 4.634 
2009 302 30-60 B L 3 15.28 1.362 2.00 7.81 1.22 55.92 3.051 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 401 30-60 B L 4 - 1.471 2.00 8.13 1.35 - 4.881 
2009 102 30-60 B M 1 8.78 0.388 1.00 8.36 1.46 38.46 5.496 
2009 201 30-60 B M 2 16.74 1.003 1.00 8.41 1.15 57.75 5.657 
2009 303 30-60 B M 3 15.34 1.197 2.00 7.97 1.23 56.60 6.071 
2009 403 30-60 B M 4 9.71 0.666 2.00 8.45 1.40 40.78 5.462 
2009 103 30-60 F H 1 12.47 0.882 1.00 8.10 1.20 44.89 4.755 
2009 203 30-60 F H 2 10.98 1.143 2.00 7.61 1.20 39.53 4.978 
2009 301 30-60 F H 3 17.50 1.442 9.00 7.19 1.20 63.00 4.366 
2009 402 30-60 F H 4 32.95 0.714 8.00 7.77 1.40 138.39 5.108 
2009 101 30-60 F L 1 15.79 1.391 2.00 8.10 1.05 49.74 3.553 
2009 202 30-60 F L 2 23.73 1.832 2.00 7.11 1.10 78.31 6.012 
2009 302 30-60 F L 3 17.84 1.664 7.00 7.03 1.20 64.22 3.874 
2009 401 30-60 F L 4 36.38 0.707 6.00 7.42 1.14 124.42 8.210 
2009 102 30-60 F M 1 11.41 1.176 2.00 7.77 1.18 40.39 4.316 
2009 201 30-60 F M 2 16.41 1.446 16.00 7.55 1.15 56.61 4.835 
2009 303 30-60 F M 3 12.39 1.145 2.00 7.57 1.31 48.69 3.939 
2009 403 30-60 F M 4 36.41 2.804 32.00 7.76 0.98 107.05 8.305 
2009 103 30-60 S H 1 9.01 0.558 1.00 8.39 1.55 41.90 5.356 
2009 203 30-60 S H 2 10.09 0.615 1.00 8.37 1.40 42.38 6.084 
2009 301 30-60 S H 3 8.56 0.500 1.00 8.27 1.50 38.52 4.535 
2009 402 30-60 S H 4 10.65 0.553 1.00 8.43 1.33 42.49 5.836 
2009 101 30-60 S L 1 7.23 0.515 1.00 8.60 1.64 35.57 4.289 
2009 202 30-60 S L 2 6.74 0.453 1.00 8.00 1.57 31.75 3.540 
2009 302 30-60 S L 3 6.70 0.565 1.00 8.26 1.54 30.95 3.833 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 401 30-60 S L 4 7.53 0.556 2.00 8.25 1.56 35.24 6.944 
2009 102 30-60 S M 1 7.61 0.311 2.00 8.43 1.37 31.28 5.588 
2009 201 30-60 S M 2 6.61 0.350 1.00 8.60 1.61 31.93 4.349 
2009 303 30-60 S M 3 9.21 0.555 1.00 8.31 1.48 40.89 3.899 
2009 403 30-60 S M 4 7.37 0.429 1.00 8.55 1.49 32.94 4.957 
2009 103 60-100 B H 1 9.50 0.601 1.00 8.06 1.49 56.62 4.450 
2009 203 60-100 B H 2 5.78 0.589 1.00 8.36 1.42 32.83 3.929 
2009 301 60-100 B H 3 6.99 0.533 2.00 8.10 1.59 44.46 3.138 
2009 402 60-100 B H 4 4.63 0.786 1.00 8.61 1.54 28.52 4.431 
2009 101 60-100 B L 1 6.23 0.447 1.00 8.43 1.52 37.88 5.514 
2009 202 60-100 B L 2 6.16 0.428 1.00 8.17 1.50 36.96 3.647 
2009 302 60-100 B L 3 9.98 0.923 2.00 8.19 1.31 52.30 3.596 
2009 401 60-100 B L 4 - 0.844 2.00 8.25 1.62 - 5.330 
2009 102 60-100 B M 1 6.98 0.412 1.00 8.68 1.59 44.39 5.582 
2009 201 60-100 B M 2 8.58 0.527 1.00 8.60 1.56 53.54 4.666 
2009 303 60-100 B M 3 8.19 0.473 2.00 8.12 1.34 43.90 5.962 
2009 403 60-100 B M 4 6.37 0.358 1.00 8.55 1.54 39.24 5.248 
2009 103 60-100 F H 1 7.62 0.700 1.00 8.24 1.24 37.80 5.093 
2009 203 60-100 F H 2 9.76 0.726 2.00 7.98 1.41 55.05 5.460 
2009 301 60-100 F H 3 12.52 1.109 3.00 7.93 1.29 64.60 4.219 
2009 402 60-100 F H 4 11.83 0.375 2.00 8.30 1.43 67.67 5.907 
2009 101 60-100 F L 1 10.77 0.766 2.00 8.35 1.37 59.02 5.770 
2009 202 60-100 F L 2 11.68 1.104 11.00 6.89 1.34 62.60 5.869 
2009 302 60-100 F L 3 10.79 0.917 2.00 7.88 1.24 53.52 3.518 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2009 401 60-100 F L 4 22.99 0.458 2.00 8.04 1.30 119.55 4.359 
2009 102 60-100 F M 1 13.21 0.789 2.00 7.99 1.28 67.64 7.044 
2009 201 60-100 F M 2 9.91 0.882 11.00 7.40 1.44 57.08 4.504 
2009 303 60-100 F M 3 7.32 0.671 2.00 8.27 1.35 39.53 4.643 
2009 403 60-100 F M 4 37.21 2.802 23.00 7.39 0.99 147.35 8.382 
2009 103 60-100 S H 1 7.08 0.455 1.00 8.62 1.56 44.18 4.367 
2009 203 60-100 S H 2 5.82 0.400 1.00 8.42 1.55 36.08 4.844 
2009 301 60-100 S H 3 5.18 0.479 1.00 8.35 1.57 32.53 4.040 
2009 402 60-100 S H 4 8.45 0.444 2.00 8.51 1.53 51.71 5.231 
2009 101 60-100 S L 1 3.96 0.401 1.00 8.67 1.53 24.24 4.499 
2009 202 60-100 S L 2 4.67 0.371 1.00 8.18 1.55 28.95 3.534 
2009 302 60-100 S L 3 4.16 0.423 2.00 8.44 1.42 23.63 4.154 
2009 401 60-100 S L 4 5.63 0.310 2.00 8.44 1.60 36.03 4.729 
2009 102 60-100 S M 1 4.64 0.417 2.00 8.60 1.58 29.32 5.405 
2009 201 60-100 S M 2 5.64 0.394 1.00 8.71 1.73 39.03 4.267 
2009 303 60-100 S M 3 5.93 0.389 1.00 8.53 1.54 36.53 4.002 
2009 403 60-100 S M 4 6.56 0.401 1.00 8.71 1.65 43.30 5.031 
2010 103 0-5 B H 1 18.77 1.810 4.34 7.33 - - 3.211 
2010 203 0-5 B H 2 12.90 2.159 6.29 7.98 - - 4.342 
2010 301 0-5 B H 3 30.90 2.890 6.67 7.72 - - 1.332 
2010 402 0-5 B H 4 24.14 2.192 3.97 7.91 - - 4.281 
2010 101 0-5 B L 1 24.32 2.082 2.10 7.95 - - 0.425 
2010 202 0-5 B L 2 27.63 1.702 4.31 8.09 - - 0.476 
2010 302 0-5 B L 3 27.34 2.502 6.46 7.54 - - 0.620 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 0-5 B L 4 25.96 2.448 4.33 7.69 - - 0.437 
2010 102 0-5 B M 1 17.56 1.851 2.15 7.94 - - 2.115 
2010 201 0-5 B M 2 20.15 2.121 4.35 6.97 - - 1.233 
2010 303 0-5 B M 3 27.57 2.661 6.12 7.40 - - 1.870 
2010 403 0-5 B M 4 21.03 1.872 3.91 7.65 - - 1.079 
2010 103 0-5 F H 1 28.51 2.551 2.51 7.95 - - 1.778 
2010 203 0-5 F H 2 30.95 2.732 6.54 7.49 - - 7.508 
2010 301 0-5 F H 3 35.62 3.116 6.78 6.76 - - 1.869 
2010 402 0-5 F H 4 29.46 2.748 4.79 6.40 - - 4.004 
2010 101 0-5 F L 1 40.31 3.251 2.51 7.48 - - 0.623 
2010 202 0-5 F L 2 33.40 2.758 5.01 7.96 - - 0.548 
2010 302 0-5 F L 3 36.50 3.131 6.85 7.45 - - 2.768 
2010 401 0-5 F L 4 29.75 2.679 6.68 7.65 - - 0.555 
2010 102 0-5 F M 1 34.48 2.497 2.46 6.80 - - 2.979 
2010 201 0-5 F M 2 29.91 2.634 4.69 7.97 - - 1.297 
2010 303 0-5 F M 3 31.36 2.807 6.67 7.68 - - 2.368 
2010 403 0-5 F M 4 31.12 2.928 5.05 7.70 - - 5.336 
2010 103 0-5 S H 1 29.24 1.875 4.32 7.87 - - 4.079 
2010 203 0-5 S H 2 32.83 2.831 6.36 7.53 - - 0.480 
2010 301 0-5 S H 3 16.66 1.788 6.20 8.18 - - 0.562 
2010 402 0-5 S H 4 22.62 2.016 3.99 7.51 - - 4.456 
2010 101 0-5 S L 1 20.83 1.891 2.03 7.43 - - 0.396 
2010 202 0-5 S L 2 21.67 1.357 6.23 7.25 - - 0.448 
2010 302 0-5 S L 3 21.31 2.048 6.23 7.94 - - 0.817 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 0-5 S L 4 20.90 1.863 4.02 7.28 - - 0.579 
2010 102 0-5 S M 1 25.03 2.155 2.29 7.90 - - 3.086 
2010 201 0-5 S M 2 11.78 2.708 4.39 7.93 - - 2.868 
2010 303 0-5 S M 3 24.99 2.052 6.39 8.01 - - 0.794 
2010 403 0-5 S M 4 18.13 1.929 4.06 7.49 - - 2.335 
2010 103 5-15 B H 1 17.37 1.697 4.20 7.95 - - 0.599 
2010 203 5-15 B H 2 9.23 1.156 6.14 8.07 - - 0.776 
2010 301 5-15 B H 3 25.29 2.106 6.32 7.70 - - 0.442 
2010 402 5-15 B H 4 25.23 1.655 3.87 8.13 - - 0.513 
2010 101 5-15 B L 1 12.33 1.832 2.15 7.93 - - 0.469 
2010 202 5-15 B L 2 24.32 1.461 4.18 8.09 - - 0.420 
2010 302 5-15 B L 3 24.83 2.132 6.24 7.68 - - 0.574 
2010 401 5-15 B L 4 23.50 2.141 3.97 7.60 - - 0.435 
2010 102 5-15 B M 1 14.95 1.629 2.11 8.05 - - 0.658 
2010 201 5-15 B M 2 18.63 2.013 4.24 7.46 - - 0.618 
2010 303 5-15 B M 3 24.89 2.246 6.49 7.63 - - 0.420 
2010 403 5-15 B M 4 23.69 1.431 3.96 7.84 - - 0.417 
2010 103 5-15 F H 1 22.13 2.030 2.19 7.94 - - 0.422 
2010 203 5-15 F H 2 22.41 1.976 6.23 7.87 - - 1.110 
2010 301 5-15 F H 3 33.29 2.702 6.59 6.69 - - 0.525 
2010 402 5-15 F H 4 29.17 2.365 4.49 7.19 - - 0.598 
2010 101 5-15 F L 1 32.26 2.810 2.26 7.73 - - 0.475 
2010 202 5-15 F L 2 28.47 2.245 4.73 8.02 - - 0.610 
2010 302 5-15 F L 3 30.40 2.522 6.54 7.38 - - 0.492 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 5-15 F L 4 27.40 2.300 6.48 7.52 - - 0.513 
2010 102 5-15 F M 1 28.53 2.197 2.23 7.52 - - 0.542 
2010 201 5-15 F M 2 25.15 2.145 4.41 7.99 - - 0.607 
2010 303 5-15 F M 3 26.81 2.308 6.42 7.70 - - 0.505 
2010 403 5-15 F M 4 28.52 2.542 4.51 7.83 - - 0.589 
2010 103 5-15 S H 1 30.78 1.303 4.21 8.09 - - 0.517 
2010 203 5-15 S H 2 21.95 2.291 6.27 7.83 - - 0.407 
2010 301 5-15 S H 3 11.79 1.688 6.18 8.07 - - 0.440 
2010 402 5-15 S H 4 19.80 1.477 3.88 7.86 - - 0.687 
2010 101 5-15 S L 1 13.38 1.379 2.23 7.68 - - 0.488 
2010 202 5-15 S L 2 10.85 1.140 6.15 7.94 - - 0.461 
2010 302 5-15 S L 3 17.04 1.711 6.12 7.93 - - 0.482 
2010 401 5-15 S L 4 15.73 1.656 3.87 7.70 - - 0.480 
2010 102 5-15 S M 1 18.22 1.746 2.10 8.08 - - 0.584 
2010 201 5-15 S M 2 1.21 2.177 4.31 8.07 - - 0.710 
2010 303 5-15 S M 3 21.98 1.611 6.15 8.09 - - 0.424 
2010 403 5-15 S M 4 13.65 1.544 3.90 7.77 - - 0.518 
2010 103 15-30 B H 1 - 1.320 4.19 7.90 - - 0.371 
2010 203 15-30 B H 2 12.92 0.662 6.11 8.24 - - 0.345 
2010 301 15-30 B H 3 22.19 1.757 6.20 7.66 - - 0.410 
2010 402 15-30 B H 4 21.71 1.042 3.84 8.09 - - 0.502 
2010 101 15-30 B L 1 2.73 1.206 2.15 7.97 - - 0.432 
2010 202 15-30 B L 2 29.89 0.481 4.17 8.22 - - 0.394 
2010 302 15-30 B L 3 17.82 1.570 6.06 7.76 - - 0.341 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 15-30 B L 4 16.22 1.907 3.85 7.46 - - 0.361 
2010 102 15-30 B M 1 11.92 0.888 2.04 8.18 - - 0.356 
2010 201 15-30 B M 2 23.65 1.639 4.18 7.82 - - 0.492 
2010 303 15-30 B M 3 21.65 1.648 6.03 7.48 - - 0.427 
2010 403 15-30 B M 4 14.84 0.989 3.81 7.94 - - 0.377 
2010 103 15-30 F H 1 5.28 1.507 2.13 7.74 - - 0.450 
2010 203 15-30 F H 2 21.32 1.690 6.74 7.92 - - 0.534 
2010 301 15-30 F H 3 30.61 2.543 6.27 6.71 - - 0.310 
2010 402 15-30 F H 4 31.45 2.529 4.43 7.17 - - 0.528 
2010 101 15-30 F L 1 31.76 2.646 2.10 7.64 - - 0.408 
2010 202 15-30 F L 2 32.37 2.585 4.43 7.84 - - 0.443 
2010 302 15-30 F L 3 19.73 1.805 6.10 7.39 - - 0.437 
2010 401 15-30 F L 4 13.71 1.240 6.10 7.56 - - 0.393 
2010 102 15-30 F M 1 28.31 2.226 2.19 7.77 - - 0.395 
2010 201 15-30 F M 2 32.69 2.533 4.32 7.91 - - 0.439 
2010 303 15-30 F M 3 22.58 2.043 6.19 7.58 - - 0.413 
2010 403 15-30 F M 4 34.90 2.817 4.39 7.65 - - 0.510 
2010 103 15-30 S H 1 11.00 0.646 4.17 8.25 - - 0.375 
2010 203 15-30 S H 2 16.25 1.150 6.13 8.05 - - 0.382 
2010 301 15-30 S H 3 15.95 1.330 6.13 8.09 - - 0.369 
2010 402 15-30 S H 4 4.84 1.166 3.84 8.01 - - 0.446 
2010 101 15-30 S L 1 7.72 0.821 2.10 7.90 - - 0.366 
2010 202 15-30 S L 2 7.77 0.876 6.10 8.14 - - 0.362 
2010 302 15-30 S L 3 9.19 0.924 6.06 8.10 - - 0.360 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 15-30 S L 4 14.59 0.921 3.81 7.95 - - 0.487 
2010 102 15-30 S M 1 3.09 0.858 2.04 8.14 - - 0.489 
2010 201 15-30 S M 2 - 1.372 4.17 8.03 - - 0.379 
2010 303 15-30 S M 3 7.96 0.674 6.05 8.21 - - 0.386 
2010 403 15-30 S M 4 14.39 0.853 3.79 7.99 - - 0.410 
2010 103 30-60 B H 1 19.35 0.791 4.25 8.11 - - 0.377 
2010 203 30-60 B H 2 7.73 0.501 6.15 8.41 - - 0.297 
2010 301 30-60 B H 3 14.08 1.005 6.14 7.94 - - 0.354 
2010 402 30-60 B H 4 12.69 0.705 4.04 8.28 - - 0.413 
2010 101 30-60 B L 1 5.57 0.476 2.04 8.22 - - 0.441 
2010 202 30-60 B L 2 11.92 0.883 4.15 8.31 - - 0.367 
2010 302 30-60 B L 3 14.51 1.177 6.01 8.06 - - 0.386 
2010 401 30-60 B L 4 3.47 0.929 3.87 8.11 - - 0.443 
2010 102 30-60 B M 1 5.22 0.618 2.20 8.20 - - 0.354 
2010 201 30-60 B M 2 15.02 0.798 4.15 8.02 - - 0.386 
2010 303 30-60 B M 3 15.75 1.184 6.06 7.93 - - 0.388 
2010 403 30-60 B M 4 8.41 0.475 3.84 8.14 - - 0.338 
2010 103 30-60 F H 1 - 1.026 2.15 7.67 - - 0.387 
2010 203 30-60 F H 2 12.66 1.223 6.14 7.78 - - 0.426 
2010 301 30-60 F H 3 17.52 1.855 6.18 6.78 - - 0.393 
2010 402 30-60 F H 4 33.09 2.665 4.23 7.06 - - 0.373 
2010 101 30-60 F L 1 12.14 1.558 2.07 7.62 - - 0.295 
2010 202 30-60 F L 2 31.87 2.509 4.50 7.57 - - 0.293 
2010 302 30-60 F L 3 13.73 1.394 6.04 7.29 - - 0.400 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 30-60 F L 4 28.75 1.084 6.07 7.87 - - 0.377 
2010 102 30-60 F M 1 12.78 1.542 2.09 7.73 - - 0.401 
2010 201 30-60 F M 2 23.31 1.984 4.37 7.72 - - 0.394 
2010 303 30-60 F M 3 14.96 1.374 6.06 7.54 - - 0.395 
2010 403 30-60 F M 4 37.29 2.916 4.51 7.44 - - 0.455 
2010 103 30-60 S H 1 10.79 0.533 4.15 8.44 - - 0.398 
2010 203 30-60 S H 2 13.45 0.635 6.16 8.25 - - 0.446 
2010 301 30-60 S H 3 15.32 0.730 6.19 8.30 - - 0.364 
2010 402 30-60 S H 4 3.98 0.445 3.84 8.23 - - 0.382 
2010 101 30-60 S L 1 4.83 0.513 2.09 8.18 - - 0.444 
2010 202 30-60 S L 2 12.06 0.520 6.10 8.27 - - 0.389 
2010 302 30-60 S L 3 9.98 0.511 6.02 8.22 - - 0.420 
2010 401 30-60 S L 4 8.38 0.553 3.92 8.63 - - 0.458 
2010 102 30-60 S M 1 - 0.423 2.03 8.33 - - 0.358 
2010 201 30-60 S M 2 12.02 0.876 4.37 8.46 - - 0.365 
2010 303 30-60 S M 3 5.76 0.540 6.03 8.32 - - 0.369 
2010 403 30-60 S M 4 5.84 0.472 3.78 8.25 - - 0.363 
2010 103 60-100 B H 1 15.23 0.648 4.16 8.30 - - 0.371 
2010 203 60-100 B H 2 8.63 0.246 6.13 8.56 - - 0.344 
2010 301 60-100 B H 3 13.75 0.484 6.18 8.25 - - 0.394 
2010 402 60-100 B H 4 5.12 0.454 3.84 8.51 - - 0.326 
2010 101 60-100 B L 1 11.78 0.831 2.06 8.42 - - 0.406 
2010 202 60-100 B L 2 10.64 0.434 4.24 8.62 - - 0.387 
2010 302 60-100 B L 3 6.49 0.811 6.01 8.24 - - 0.362 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 60-100 B L 4 11.38 0.489 3.85 8.57 - - 0.346 
2010 102 60-100 B M 1 1.45 0.482 2.19 8.49 - - 0.334 
2010 201 60-100 B M 2 7.51 0.712 4.15 8.30 - - 0.401 
2010 303 60-100 B M 3 6.70 0.562 6.08 8.24 - - 0.380 
2010 403 60-100 B M 4 2.52 0.383 3.89 8.33 - - 0.389 
2010 103 60-100 F H 1 4.56 0.701 2.02 7.74 - - 0.312 
2010 203 60-100 F H 2 8.43 0.752 6.16 8.23 - - 0.422 
2010 301 60-100 F H 3 11.14 1.409 6.14 7.59 - - 0.387 
2010 402 60-100 F H 4 4.14 1.776 3.96 7.09 - - 0.335 
2010 101 60-100 F L 1 2.37 0.461 2.06 7.82 - - 0.384 
2010 202 60-100 F L 2 14.05 1.304 4.36 7.29 - - 0.526 
2010 302 60-100 F L 3 12.65 1.116 6.01 8.02 - - 0.420 
2010 401 60-100 F L 4 16.04 0.697 6.04 8.12 - - 0.377 
2010 102 60-100 F M 1 6.60 0.811 2.20 7.86 - - 0.431 
2010 201 60-100 F M 2 10.72 1.069 4.34 7.67 - - 0.383 
2010 303 60-100 F M 3 5.93 0.896 6.02 8.03 - - 0.404 
2010 403 60-100 F M 4 40.94 3.167 4.52 7.22 - - 0.431 
2010 103 60-100 S H 1 6.67 0.476 4.15 8.51 - - 0.319 
2010 203 60-100 S H 2 5.59 0.440 6.25 8.53 - - 0.432 
2010 301 60-100 S H 3 8.74 0.446 6.10 8.66 - - 0.400 
2010 402 60-100 S H 4 5.25 0.420 3.84 8.38 - - 0.375 
2010 101 60-100 S L 1 5.89 0.496 2.06 8.39 - - 0.334 
2010 202 60-100 S L 2 7.06 0.355 6.16 8.54 - - 0.348 
2010 302 60-100 S L 3 6.99 0.478 6.03 8.46 - - 0.312 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2010 401 60-100 S L 4 7.03 0.499 3.83 8.55 - - 0.351 
2010 102 60-100 S M 1 9.49 0.524 2.06 8.50 - - 0.334 
2010 201 60-100 S M 2 9.97 0.541 4.41 8.59 - - 0.340 
2010 303 60-100 S M 3 4.12 0.438 6.02 8.42 - - 0.444 
2010 403 60-100 S M 4 9.89 0.634 3.99 8.39 - - 0.384 
2011 103 0-5 B H 1 15.64 1.785 3.32 8.25 - - 1.936 
2011 203 0-5 B H 2 14.72 1.647 3.25 8.35 - - 2.290 
2011 301 0-5 B H 3 25.34 2.358 3.51 7.83 - - 1.903 
2011 402 0-5 B H 4 28.03 2.555 3.31 8.31 - - 2.832 
2011 101 0-5 B L 1 23.51 2.112 3.32 8.24 - - 2.289 
2011 202 0-5 B L 2 27.17 1.540 3.27 8.38 - - 1.871 
2011 302 0-5 B L 3 27.40 2.334 3.47 8.05 - - 1.380 
2011 401 0-5 B L 4 26.04 2.334 3.42 7.90 - - 0.788 
2011 102 0-5 B M 1 16.16 1.846 3.77 8.30 - - 1.636 
2011 201 0-5 B M 2 24.16 2.094 3.30 8.32 - - 2.968 
2011 303 0-5 B M 3 26.40 2.379 3.45 7.68 - - 2.125 
2011 403 0-5 B M 4 20.32 1.962 3.32 8.36 - - 1.265 
2011 103 0-5 F H 1 30.37 2.466 14.29 8.09 - - 1.902 
2011 203 0-5 F H 2 29.81 2.436 12.35 8.10 - - 7.217 
2011 301 0-5 F H 3 36.46 3.003 16.46 6.63 - - 5.068 
2011 402 0-5 F H 4 30.07 2.660 14.90 8.24 - - 5.087 
2011 101 0-5 F L 1 36.82 2.896 13.74 8.03 - - 2.019 
2011 202 0-5 F L 2 31.59 1.315 14.92 8.26 - - 3.571 
2011 302 0-5 F L 3 34.12 2.762 16.13 7.55 - - 3.235 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2011 401 0-5 F L 4 32.10 2.750 15.41 7.85 - - 3.113 
2011 102 0-5 F M 1 30.84 2.251 11.57 8.20 - - 2.104 
2011 201 0-5 F M 2 30.75 2.479 13.28 8.15 - - 3.273 
2011 303 0-5 F M 3 32.98 2.708 15.91 7.72 - - 2.868 
2011 403 0-5 F M 4 31.86 2.573 11.70 8.24 - - 5.735 
2011 103 0-5 S H 1 29.75 1.649 4.88 8.36 - - 2.055 
2011 203 0-5 S H 2 25.31 2.387 4.92 8.21 - - 2.352 
2011 301 0-5 S H 3 17.79 1.734 4.91 8.32 - - 1.198 
2011 402 0-5 S H 4 23.99 2.037 4.94 8.40 - - 1.558 
2011 101 0-5 S L 1 20.80 1.660 4.92 8.31 - - 1.425 
2011 202 0-5 S L 2 21.61 1.416 4.89 8.42 - - 1.987 
2011 302 0-5 S L 3 22.38 2.098 5.01 8.26 - - 1.334 
2011 401 0-5 S L 4 22.59 2.087 4.89 8.36 - - 1.010 
2011 102 0-5 S M 1 26.22 2.025 4.95 8.25 - - 2.084 
2011 201 0-5 S M 2 8.79 2.556 5.07 7.98 - - 4.078 
2011 303 0-5 S M 3 24.40 1.849 5.04 8.33 - - 3.450 
2011 403 0-5 S M 4 19.36 2.009 4.96 8.37 - - 1.267 
2011 103 5-15 B H 1 14.80 1.806 3.26 8.39 - - 1.197 
2011 203 5-15 B H 2 12.60 0.924 3.27 8.54 - - 1.496 
2011 301 5-15 B H 3 25.36 2.064 3.30 7.89 - - 1.110 
2011 402 5-15 B H 4 16.86 1.821 3.24 8.40 - - 1.643 
2011 101 5-15 B L 1 23.75 2.493 3.25 8.41 - - 1.947 
2011 202 5-15 B L 2 25.35 1.331 3.25 8.51 - - 1.241 
2011 302 5-15 B L 3 25.12 2.053 3.42 8.05 - - 1.260 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2011 401 5-15 B L 4 31.79 1.688 3.27 7.81 - - 0.717 
2011 102 5-15 B M 1 22.10 2.642 3.25 8.51 - - 1.283 
2011 201 5-15 B M 2 20.63 1.677 3.38 8.50 - - 1.820 
2011 303 5-15 B M 3 24.18 2.106 3.27 7.73 - - 1.262 
2011 403 5-15 B M 4 19.66 1.470 3.25 8.30 - - 0.914 
2011 103 5-15 F H 1 24.71 2.099 11.68 8.24 - - 1.575 
2011 203 5-15 F H 2 20.92 1.769 13.93 8.25 - - 3.680 
2011 301 5-15 F H 3 34.14 2.718 14.92 6.53 - - 1.902 
2011 402 5-15 F H 4 27.65 2.067 12.14 8.25 - - 1.836 
2011 101 5-15 F L 1 27.11 1.386 10.94 7.90 - - 2.173 
2011 202 5-15 F L 2 27.50 2.127 10.35 8.25 - - 2.888 
2011 302 5-15 F L 3 30.05 2.394 13.09 7.70 - - 1.880 
2011 401 5-15 F L 4 28.79 2.305 14.14 7.76 - - 1.970 
2011 102 5-15 F M 1 27.66 1.931 11.82 8.39 - - 2.079 
2011 201 5-15 F M 2 26.19 2.138 11.87 8.32 - - 2.167 
2011 303 5-15 F M 3 28.15 2.272 13.09 7.71 - - 1.432 
2011 403 5-15 F M 4 25.70 2.055 13.83 8.23 - - 1.906 
2011 103 5-15 S H 1 29.45 1.213 4.82 8.61 - - 2.008 
2011 203 5-15 S H 2 19.54 1.778 4.85 8.33 - - 1.500 
2011 301 5-15 S H 3 16.11 1.422 4.84 8.47 - - 1.134 
2011 402 5-15 S H 4 21.98 1.660 4.85 8.45 - - 0.948 
2011 101 5-15 S L 1 12.71 1.373 4.85 8.54 - - 1.111 
2011 202 5-15 S L 2 10.08 1.099 4.81 8.58 - - 1.091 
2011 302 5-15 S L 3 18.34 1.679 5.04 8.34 - - 1.166 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2011 401 5-15 S L 4 17.75 1.432 4.84 8.45 - - 0.979 
2011 102 5-15 S M 1 11.93 1.735 4.90 8.48 - - 1.217 
2011 201 5-15 S M 2 - 2.146 4.92 8.13 - - 1.691 
2011 303 5-15 S M 3 19.98 1.400 4.88 8.50 - - 1.725 
2011 403 5-15 S M 4 14.73 1.658 4.94 8.42 - - 0.968 
2011 103 15-30 B H 1 - 1.328 3.79 8.15 - - 0.608 
2011 203 15-30 B H 2 14.10 0.697 3.28 8.59 - - 0.640 
2011 301 15-30 B H 3 20.80 1.799 3.26 7.81 - - 0.807 
2011 402 15-30 B H 4 19.52 0.896 3.27 8.56 - - 0.629 
2011 101 15-30 B L 1 - 1.313 3.26 8.46 - - 0.800 
2011 202 15-30 B L 2 30.17 1.049 3.28 8.49 - - 0.525 
2011 302 15-30 B L 3 17.39 1.625 3.25 7.83 - - 0.589 
2011 401 15-30 B L 4 11.44 1.267 3.25 8.03 - - 0.406 
2011 102 15-30 B M 1 10.09 1.024 3.42 8.55 - - 0.490 
2011 201 15-30 B M 2 30.01 1.427 3.25 8.43 - - 0.724 
2011 303 15-30 B M 3 18.24 1.585 3.25 7.52 - - 0.508 
2011 403 15-30 B M 4 15.61 0.928 3.28 8.50 - - 0.450 
2011 103 15-30 F H 1 17.97 2.126 10.52 7.91 - - 0.804 
2011 203 15-30 F H 2 24.95 1.951 10.35 8.19 - - 2.769 
2011 301 15-30 F H 3 31.72 2.554 12.20 6.72 - - 0.987 
2011 402 15-30 F H 4 29.20 2.233 12.10 8.08 - - 1.365 
2011 101 15-30 F L 1 30.59 2.510 10.45 7.84 - - 1.191 
2011 202 15-30 F L 2 32.64 2.553 11.30 7.93 - - 3.062 
2011 302 15-30 F L 3 27.07 2.101 11.51 7.61 - - 0.753 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2011 401 15-30 F L 4 27.81 2.125 12.12 7.54 - - 0.910 
2011 102 15-30 F M 1 26.81 2.048 10.41 8.19 - - 1.194 
2011 201 15-30 F M 2 31.59 2.436 10.87 8.08 - - 1.397 
2011 303 15-30 F M 3 26.51 2.091 11.87 7.45 - - 0.857 
2011 403 15-30 F M 4 32.66 2.548 13.17 8.09 - - 1.426 
2011 103 15-30 S H 1 12.71 0.592 4.80 8.62 - - 0.552 
2011 203 15-30 S H 2 14.77 1.206 4.81 8.53 - - 0.898 
2011 301 15-30 S H 3 9.42 1.026 4.85 8.46 - - 0.735 
2011 402 15-30 S H 4 8.11 0.984 4.80 8.52 - - 0.528 
2011 101 15-30 S L 1 9.98 0.796 4.80 8.65 - - 0.483 
2011 202 15-30 S L 2 7.62 0.970 4.81 8.52 - - 0.701 
2011 302 15-30 S L 3 9.62 1.280 4.83 8.39 - - 0.690 
2011 401 15-30 S L 4 13.66 0.857 4.84 8.47 - - 0.437 
2011 102 15-30 S M 1 8.03 1.001 5.08 8.48 - - 0.749 
2011 201 15-30 S M 2 - 1.781 4.87 8.10 - - 0.611 
2011 303 15-30 S M 3 10.21 0.886 4.79 8.54 - - 0.383 
2011 403 15-30 S M 4 19.64 0.941 4.82 8.54 - - 0.439 
2011 103 30-60 B H 1 11.01 0.951 7.47 8.50 - - 0.377 
2011 203 30-60 B H 2 11.35 0.393 7.57 8.73 - - 0.470 
2011 301 30-60 B H 3 19.20 0.865 7.49 8.41 - - 0.423 
2011 402 30-60 B H 4 12.76 0.598 7.49 8.71 - - 0.405 
2011 101 30-60 B L 1 7.66 0.615 7.48 8.70 - - 0.439 
2011 202 30-60 B L 2 9.75 0.476 7.66 8.64 - - 0.378 
2011 302 30-60 B L 3 11.67 1.166 7.50 8.44 - - 0.337 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2011 401 30-60 B L 4 11.11 0.625 7.49 8.64 - - 0.295 
2011 102 30-60 B M 1 7.48 0.678 7.50 8.78 - - 0.268 
2011 201 30-60 B M 2 19.06 0.666 7.47 8.69 - - 0.333 
2011 303 30-60 B M 3 12.51 0.833 7.51 8.45 - - 0.342 
2011 403 30-60 B M 4 6.81 0.492 7.69 8.79 - - 0.282 
2011 103 30-60 F H 1 - 1.362 10.79 7.64 - - 0.311 
2011 203 30-60 F H 2 18.14 1.553 10.94 8.04 - - 1.050 
2011 301 30-60 F H 3 21.12 1.583 10.54 7.90 - - 0.717 
2011 402 30-60 F H 4 28.54 2.074 11.44 7.85 - - 0.882 
2011 101 30-60 F L 1 11.36 1.581 10.37 8.16 - - 0.500 
2011 202 30-60 F L 2 28.26 2.134 12.29 7.22 - - 1.810 
2011 302 30-60 F L 3 12.87 1.058 10.33 7.90 - - 0.024 
2011 401 30-60 F L 4 15.80 1.213 10.54 7.41 - - 0.329 
2011 102 30-60 F M 1 14.26 1.517 10.07 8.15 - - 0.482 
2011 201 30-60 F M 2 23.71 1.877 11.51 7.79 - - 0.478 
2011 303 30-60 F M 3 15.50 1.301 10.39 7.44 - - 0.268 
2011 403 30-60 F M 4 36.76 2.905 13.34 7.60 - - 0.909 
2011 103 30-60 S H 1 11.46 0.446 4.34 8.81 - - 0.347 
2011 203 30-60 S H 2 12.23 0.512 4.33 8.70 - - 0.505 
2011 301 30-60 S H 3 7.11 0.372 4.37 8.70 - - 0.407 
2011 402 30-60 S H 4 4.96 0.489 4.34 8.78 - - 0.638 
2011 101 30-60 S L 1 6.16 0.643 4.35 8.71 - - 0.378 
2011 202 30-60 S L 2 10.42 0.440 4.31 8.73 - - 0.287 
2011 302 30-60 S L 3 9.92 0.538 4.34 8.66 - - 0.411 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2011 401 30-60 S L 4 10.39 0.531 4.35 8.79 - - 0.428 
2011 102 30-60 S M 1 7.52 0.481 4.34 8.82 - - 0.377 
2011 201 30-60 S M 2 14.57 0.975 4.38 8.64 - - 0.592 
2011 303 30-60 S M 3 5.45 0.409 4.35 8.78 - - 0.890 
2011 403 30-60 S M 4 12.80 0.424 4.31 8.75 - - 0.301 
2011 103 60-100 B H 1 13.70 0.424 7.47 8.79 - - 0.409 
2011 203 60-100 B H 2 7.65 0.252 7.50 8.85 - - 0.320 
2011 301 60-100 B H 3 10.07 0.579 7.48 8.58 - - 0.402 
2011 402 60-100 B H 4 7.01 0.508 7.47 8.85 - - 0.341 
2011 101 60-100 B L 1 5.44 0.291 7.48 8.93 - - 0.270 
2011 202 60-100 B L 2 7.07 0.223 7.48 8.75 - - 0.318 
2011 302 60-100 B L 3 6.14 0.757 7.47 8.66 - - 0.035 
2011 401 60-100 B L 4 4.11 0.486 7.47 8.73 - - 0.288 
2011 102 60-100 B M 1 3.26 0.316 7.47 8.96 - - 0.318 
2011 201 60-100 B M 2 4.43 0.357 7.48 8.82 - - 0.384 
2011 303 60-100 B M 3 7.09 0.478 7.50 8.66 - - 0.325 
2011 403 60-100 B M 4 2.95 0.364 7.48 8.82 - - 0.237 
2011 103 60-100 F H 1 - 0.829 10.48 7.37 - - 0.338 
2011 203 60-100 F H 2 - 0.672 10.24 8.51 - - 0.506 
2011 301 60-100 F H 3 14.84 1.248 10.24 8.52 - - 0.409 
2011 402 60-100 F H 4 - 1.042 10.35 8.20 - - 0.501 
2011 101 60-100 F L 1 7.11 0.950 10.09 8.57 - - 0.428 
2011 202 60-100 F L 2 10.72 0.921 11.13 6.96 - - 3.201 
2011 302 60-100 F L 3 13.11 1.031 9.99 8.52 - - 0.251 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2011 401 60-100 F L 4 5.15 1.248 10.31 7.93 - - 0.358 
2011 102 60-100 F M 1 11.16 0.525 10.14 8.57 - - 0.411 
2011 201 60-100 F M 2 9.06 0.745 10.60 7.88 - - 0.319 
2011 303 60-100 F M 3 5.72 0.833 10.24 8.46 - - 0.490 
2011 403 60-100 F M 4 39.13 3.019 12.98 7.36 - - 0.783 
2011 103 60-100 S H 1 8.26 0.354 4.39 8.91 - - 0.272 
2011 203 60-100 S H 2 8.06 0.273 4.33 8.95 - - 0.397 
2011 301 60-100 S H 3 8.80 0.464 4.36 8.85 - - 0.351 
2011 402 60-100 S H 4 4.81 0.385 4.34 8.88 - - 0.275 
2011 101 60-100 S L 1 6.36 0.357 4.33 8.97 - - 0.415 
2011 202 60-100 S L 2 6.35 0.304 4.31 8.87 - - 0.331 
2011 302 60-100 S L 3 7.01 0.543 4.31 8.85 - - 0.308 
2011 401 60-100 S L 4 7.24 0.393 4.34 8.81 - - 0.258 
2011 102 60-100 S M 1 4.85 0.247 4.34 9.02 - - 0.324 
2011 201 60-100 S M 2 9.46 0.396 4.31 8.82 - - 0.419 
2011 303 60-100 S M 3 6.63 0.343 4.31 8.89 - - 0.274 
2011 403 60-100 S M 4 10.57 0.496 4.31 8.80 - - 0.227 
2012 103 0-5 B H 1 20.13 1.691 1.21 - - - 2.067 
2012 203 0-5 B H 2 24.48 1.946 0.34 - - - 2.117 
2012 301 0-5 B H 3 26.52 2.842 1.26 - - - 2.007 
2012 402 0-5 B H 4 23.76 2.143 1.04 - - - 2.057 
2012 101 0-5 B L 1 - 2.300 1.22 - - - 1.967 
2012 202 0-5 B L 2 24.00 1.557 0.33 - - - 1.297 
2012 302 0-5 B L 3 19.34 2.398 1.09 - - - 1.377 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 0-5 B L 4 27.61 2.580 1.12 - - - 1.077 
2012 102 0-5 B M 1 12.26 2.044 1.22 - - - 1.827 
2012 201 0-5 B M 2 - 1.872 0.34 - - - 1.397 
2012 303 0-5 B M 3 24.08 2.525 1.10 - - - 1.387 
2012 403 0-5 B M 4 17.88 1.820 1.08 - - - 0.994 
2012 103 0-5 F H 1 - 2.423 1.40 - - - 1.657 
2012 203 0-5 F H 2 20.42 3.517 0.66 - - - 6.817 
2012 301 0-5 F H 3 34.66 3.530 1.40 - - - 6.607 
2012 402 0-5 F H 4 29.09 2.851 1.48 - - - 7.187 
2012 101 0-5 F L 1 32.67 3.412 1.38 - - - 2.147 
2012 202 0-5 F L 2 33.58 2.626 0.70 - - - 3.047 
2012 302 0-5 F L 3 27.78 3.097 1.37 - - - 1.137 
2012 401 0-5 F L 4 29.69 2.962 1.36 - - - 1.727 
2012 102 0-5 F M 1 - 1.979 1.32 - - - 2.047 
2012 201 0-5 F M 2 35.52 2.495 0.57 - - - 2.187 
2012 303 0-5 F M 3 26.23 3.000 1.34 - - - 1.727 
2012 403 0-5 F M 4 29.04 2.472 1.47 - - - 2.657 
2012 103 0-5 S H 1 10.35 2.680 1.22 - - - 1.627 
2012 203 0-5 S H 2 31.83 2.704 0.42 - - - 1.067 
2012 301 0-5 S H 3 16.89 1.999 1.05 - - - 1.197 
2012 402 0-5 S H 4 - 2.044 1.05 7.91 - - 3.287 
2012 101 0-5 S L 1 15.74 1.709 1.24 - - - 0.733 
2012 202 0-5 S L 2 33.45 1.410 0.37 8.15 - - 1.397 
2012 302 0-5 S L 3 16.23 2.039 1.00 7.98 - - 0.917 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 0-5 S L 4 18.19 1.781 1.06 - - - 1.617 
2012 102 0-5 S M 1 - 1.838 1.23 - - - 1.137 
2012 201 0-5 S M 2 20.30 2.945 0.46 - - - 3.037 
2012 303 0-5 S M 3 16.67 1.902 1.02 8.03 - - 1.437 
2012 403 0-5 S M 4 26.49 1.907 1.06 - - - 1.007 
2012 103 5-15 B H 1 21.12 1.622 1.19 8.01 - - 1.107 
2012 203 5-15 B H 2 16.88 1.176 0.31 7.97 - - 1.087 
2012 301 5-15 B H 3 23.46 2.400 1.08 7.34 - - 1.287 
2012 402 5-15 B H 4 - 1.746 1.02 8.15 - - 1.627 
2012 101 5-15 B L 1 - 1.978 1.25 7.95 - - 1.517 
2012 202 5-15 B L 2 13.50 1.569 0.33 8.10 - - 0.983 
2012 302 5-15 B L 3 25.27 2.042 1.01 7.79 - - 0.896 
2012 401 5-15 B L 4 - 1.956 1.05 7.54 - - 0.821 
2012 102 5-15 B M 1 18.86 1.571 1.17 7.98 - - 0.904 
2012 201 5-15 B M 2 21.39 1.632 0.32 8.05 - - 0.997 
2012 303 5-15 B M 3 27.79 2.195 1.01 7.57 - - 0.692 
2012 403 5-15 B M 4 - 1.126 1.02 8.03 - - 0.627 
2012 103 5-15 F H 1 22.09 1.871 1.25 7.84 - - 1.127 
2012 203 5-15 F H 2 21.85 2.419 0.38 7.76 - - 3.967 
2012 301 5-15 F H 3 30.99 2.851 1.21 6.55 - - 2.647 
2012 402 5-15 F H 4 18.21 2.517 1.32 7.69 - - 3.797 
2012 101 5-15 F L 1 30.75 2.846 1.28 7.38 - - 1.267 
2012 202 5-15 F L 2 26.15 2.114 0.52 7.86 - - 1.857 
2012 302 5-15 F L 3 36.34 2.909 1.19 6.58 - - 1.087 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 5-15 F L 4 15.65 2.488 1.52 7.44 - - 1.557 
2012 102 5-15 F M 1 28.40 2.402 1.23 7.92 - - 1.187 
2012 201 5-15 F M 2 27.30 2.073 0.47 7.91 - - 1.567 
2012 303 5-15 F M 3 25.71 2.446 1.12 7.64 - - 1.047 
2012 403 5-15 F M 4 - 2.019 1.43 7.76 - - 1.507 
2012 103 5-15 S H 1 - 0.866 1.16 8.25 - - 0.801 
2012 203 5-15 S H 2 23.10 2.429 0.35 7.95 - - 0.625 
2012 301 5-15 S H 3 10.40 1.366 0.99 8.05 - - 0.984 
2012 402 5-15 S H 4 16.13 1.575 1.01 8.07 - - 1.447 
2012 101 5-15 S L 1 19.03 1.286 1.18 8.08 - - 0.556 
2012 202 5-15 S L 2 19.08 1.105 0.33 8.07 - - 0.733 
2012 302 5-15 S L 3 18.38 1.796 0.98 7.22 - - 0.765 
2012 401 5-15 S L 4 22.67 1.563 1.02 8.14 - - 0.812 
2012 102 5-15 S M 1 22.46 1.701 1.18 7.92 - - 0.884 
2012 201 5-15 S M 2 25.04 2.264 0.35 7.94 - - 1.977 
2012 303 5-15 S M 3 23.53 1.445 1.00 8.10 - - 1.077 
2012 403 5-15 S M 4 - 1.333 1.01 8.08 - - 0.765 
2012 103 15-30 B H 1 8.95 1.053 1.16 6.66 - - 0.267 
2012 203 15-30 B H 2 9.23 0.496 0.30 8.17 - - 0.244 
2012 301 15-30 B H 3 15.91 1.935 0.99 7.22 - - 0.578 
2012 402 15-30 B H 4 10.49 0.767 1.00 8.23 - - 0.581 
2012 101 15-30 B L 1 20.56 1.726 1.16 7.94 - - 0.625 
2012 202 15-30 B L 2 13.22 1.517 0.31 8.02 - - 0.586 
2012 302 15-30 B L 3 18.68 1.864 0.99 7.83 - - 0.509 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 15-30 B L 4 8.66 1.271 1.01 7.17 - - 0.256 
2012 102 15-30 B M 1 14.15 1.196 1.16 7.90 - - 0.389 
2012 201 15-30 B M 2 18.48 1.359 0.30 8.08 - - 0.537 
2012 303 15-30 B M 3 8.03 1.607 0.97 7.15 - - 0.191 
2012 403 15-30 B M 4 11.05 0.748 1.01 8.16 - - 0.411 
2012 103 15-30 F H 1 - 1.512 1.17 7.43 - - 0.459 
2012 203 15-30 F H 2 22.26 2.024 0.35 7.83 - - 4.307 
2012 301 15-30 F H 3 28.81 2.690 1.06 6.49 - - 1.107 
2012 402 15-30 F H 4 28.73 2.559 1.22 7.58 - - 2.517 
2012 101 15-30 F L 1 19.55 2.076 1.19 7.18 - - 0.545 
2012 202 15-30 F L 2 26.49 2.638 0.45 8.00 - - 0.975 
2012 302 15-30 F L 3 22.58 2.376 1.19 6.52 - - 0.553 
2012 401 15-30 F L 4 20.24 2.283 1.12 7.15 - - 0.772 
2012 102 15-30 F M 1 - 2.432 1.19 7.73 - - 0.702 
2012 201 15-30 F M 2 - 2.524 0.41 6.91 - - 1.197 
2012 303 15-30 F M 3 20.86 2.219 0.99 7.37 - - 0.597 
2012 403 15-30 F M 4 23.30 2.708 1.24 7.60 - - 1.707 
2012 103 15-30 S H 1 10.26 0.610 1.16 8.31 - - 0.259 
2012 203 15-30 S H 2 15.62 1.256 0.31 8.15 - - 0.466 
2012 301 15-30 S H 3 9.20 0.518 0.97 8.17 - - 0.330 
2012 402 15-30 S H 4 16.79 1.185 1.00 8.03 - - 0.913 
2012 101 15-30 S L 1 11.34 0.629 1.15 8.16 - - 0.239 
2012 202 15-30 S L 2 4.67 0.425 0.30 8.22 - - 0.225 
2012 302 15-30 S L 3 16.18 1.423 0.97 7.89 - - 0.453 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 15-30 S L 4 8.72 1.033 1.01 8.02 - - 0.367 
2012 102 15-30 S M 1 12.14 0.942 1.16 8.03 - - 0.383 
2012 201 15-30 S M 2 6.33 1.882 0.33 7.69 - - 0.962 
2012 303 15-30 S M 3 6.30 0.712 0.96 8.15 - - 0.427 
2012 403 15-30 S M 4 14.32 0.581 1.00 8.14 - - 0.336 
2012 103 30-60 B H 1 - 0.797 1.16 7.89 - - 0.222 
2012 203 30-60 B H 2 9.56 0.229 0.30 8.33 - - 0.180 
2012 301 30-60 B H 3 4.14 1.352 0.96 7.57 - - 0.383 
2012 402 30-60 B H 4 11.07 0.323 1.00 8.25 - - 0.297 
2012 101 30-60 B L 1 13.59 0.775 1.15 8.24 - - 0.281 
2012 202 30-60 B L 2 - 0.685 0.30 8.23 - - 0.360 
2012 302 30-60 B L 3 9.84 0.991 0.97 7.98 - - 0.269 
2012 401 30-60 B L 4 11.92 0.719 1.00 8.02 - - 0.364 
2012 102 30-60 B M 1 - 0.504 1.16 8.27 - - 0.180 
2012 201 30-60 B M 2 5.47 0.615 0.30 8.25 - - 0.295 
2012 303 30-60 B M 3 12.44 0.701 0.96 8.04 - - 0.321 
2012 403 30-60 B M 4 10.18 0.280 1.00 8.27 - - 0.254 
2012 103 30-60 F H 1 - 0.543 1.16 7.80 - - 0.236 
2012 203 30-60 F H 2 12.74 1.779 0.34 7.62 - - 3.767 
2012 301 30-60 F H 3 14.40 1.526 0.99 6.66 - - 0.399 
2012 402 30-60 F H 4 30.65 2.771 1.16 7.25 - - 1.067 
2012 101 30-60 F L 1 17.30 1.602 1.21 7.29 - - 0.434 
2012 202 30-60 F L 2 22.19 2.625 0.61 7.46 - - 0.282 
2012 302 30-60 F L 3 9.10 1.327 1.01 6.19 - - 0.216 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 30-60 F L 4 15.23 1.600 1.03 7.45 - - 0.352 
2012 102 30-60 F M 1 8.33 1.404 1.16 7.76 - - 0.334 
2012 201 30-60 F M 2 11.00 1.225 0.39 7.20 - - 0.213 
2012 303 30-60 F M 3 16.33 1.410 0.97 7.67 - - 0.379 
2012 403 30-60 F M 4 33.06 2.843 1.33 7.42 - - 0.861 
2012 103 30-60 S H 1 3.30 0.273 1.16 8.47 - - 0.265 
2012 203 30-60 S H 2 7.24 0.553 0.30 8.36 - - 0.400 
2012 301 30-60 S H 3 - 0.240 0.96 8.20 - - 0.229 
2012 402 30-60 S H 4 16.65 0.276 1.00 8.26 - - 0.275 
2012 101 30-60 S L 1 4.61 0.336 1.14 8.29 - - 0.151 
2012 202 30-60 S L 2 - 0.240 0.31 8.35 - - 0.181 
2012 302 30-60 S L 3 1.99 0.703 0.96 8.18 - - 0.338 
2012 401 30-60 S L 4 10.55 0.330 1.00 8.26 - - 0.296 
2012 102 30-60 S M 1 11.71 0.307 1.15 8.27 - - 0.279 
2012 201 30-60 S M 2 4.44 1.121 0.32 8.09 - - 0.624 
2012 303 30-60 S M 3 - 0.280 0.96 8.35 - - 0.221 
2012 403 30-60 S M 4 6.82 0.134 1.01 8.38 - - 0.207 
2012 103 60-100 B H 1 10.10 0.256 1.15 7.97 - - 0.184 
2012 203 60-100 B H 2 9.60 0.022 0.30 8.40 - - 0.337 
2012 301 60-100 B H 3 10.68 0.614 0.96 8.11 - - 0.284 
2012 402 60-100 B H 4 14.89 0.124 0.99 8.41 - - 0.155 
2012 101 60-100 B L 1 17.48 0.282 1.16 8.45 - - 0.156 
2012 202 60-100 B L 2 11.06 0.121 0.30 8.32 - - 0.160 
2012 302 60-100 B L 3 7.45 0.368 1.03 8.16 - - 0.189 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 60-100 B L 4 13.27 0.110 1.00 8.22 - - 0.164 
2012 102 60-100 B M 1 7.80 0.185 1.17 8.49 - - 0.151 
2012 201 60-100 B M 2 5.73 0.134 0.30 8.40 - - 0.132 
2012 303 60-100 B M 3 4.04 0.105 0.96 8.21 - - 0.198 
2012 403 60-100 B M 4 - 0.022 1.00 8.38 - - 0.172 
2012 103 60-100 F H 1 11.32 0.351 1.17 7.90 - - 0.196 
2012 203 60-100 F H 2 8.73 0.575 0.31 8.07 - - 4.577 
2012 301 60-100 F H 3 11.53 0.856 0.98 7.83 - - 0.343 
2012 402 60-100 F H 4 8.20 1.687 1.09 7.04 - - 0.487 
2012 101 60-100 F L 1 14.06 0.719 1.16 7.79 - - 0.245 
2012 202 60-100 F L 2 16.04 1.322 0.41 7.01 - - 0.190 
2012 302 60-100 F L 3 13.02 1.097 1.00 7.13 - - 0.480 
2012 401 60-100 F L 4 14.40 0.656 1.00 7.88 - - 0.323 
2012 102 60-100 F M 1 13.75 0.613 1.16 7.93 - - 0.264 
2012 201 60-100 F M 2 3.70 0.679 0.35 6.85 - - 0.155 
2012 303 60-100 F M 3 12.05 0.724 0.96 7.97 - - 0.412 
2012 403 60-100 F M 4 34.75 3.047 1.20 7.13 - - 0.759 
2012 103 60-100 S H 1 13.63 0.274 1.15 8.50 - - 0.133 
2012 203 60-100 S H 2 6.68 0.116 0.30 8.53 - - 0.218 
2012 301 60-100 S H 3 9.99 0.003 0.96 8.37 - - 0.158 
2012 402 60-100 S H 4 11.62 0.093 0.99 8.45 - - 0.168 
2012 101 60-100 S L 1 14.59 0.103 1.17 8.39 - - 0.147 
2012 202 60-100 S L 2 5.39 0.005 0.30 8.49 - - 0.169 
2012 302 60-100 S L 3 11.46 0.049 0.96 8.45 - - 0.184 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2012 401 60-100 S L 4 13.16 0.072 1.00 8.41 - - 0.155 
2012 102 60-100 S M 1 16.88 0.210 1.15 8.54 - - 0.139 
2012 201 60-100 S M 2 4.43 0.140 0.30 8.35 - - 0.223 
2012 303 60-100 S M 3 5.49 0.033 0.99 8.47 - - 0.192 
2012 403 60-100 S M 4 8.62 0.095 0.99 8.60 - - 0.152 
2013 103 0-5 B H 1 31.88 2.682 0.88 7.89 1.21 19.29 5.230 
2013 203 0-5 B H 2 20.94 1.704 0.60 7.98 1.22 12.77 5.770 
2013 301 0-5 B H 3 29.24 2.651 1.43 7.55 1.28 18.71 5.300 
2013 402 0-5 B H 4 22.81 2.224 0.36 8.00 1.50 17.11 5.070 
2013 101 0-5 B L 1 25.51 2.282 0.77 7.95 1.10 14.03 0.910 
2013 202 0-5 B L 2 17.33 1.380 0.64 8.09 1.31 11.35 4.280 
2013 302 0-5 B L 3 24.57 2.235 1.39 7.89 1.30 15.97 3.890 
2013 401 0-5 B L 4 26.81 2.278 0.43 7.51 1.21 16.22 4.200 
2013 102 0-5 B M 1 25.51 1.975 0.71 7.93 1.29 16.45 1.230 
2013 201 0-5 B M 2 23.29 2.041 0.64 8.07 1.29 15.02 4.700 
2013 303 0-5 B M 3 31.56 2.762 1.43 7.27 1.10 17.36 5.040 
2013 403 0-5 B M 4 23.55 1.575 0.36 7.98 1.43 16.84 3.650 
2013 103 0-5 F H 1 29.82 2.508 0.92 7.80 1.12 16.70 3.960 
2013 203 0-5 F H 2 33.30 3.171 0.99 7.77 1.12 18.65 6.680 
2013 301 0-5 F H 3 37.24 3.139 1.65 6.23 1.09 20.30 6.690 
2013 402 0-5 F H 4 33.21 3.080 0.87 7.65 1.26 20.92 5.650 
2013 101 0-5 F L 1 36.43 3.405 0.87 7.73 1.02 18.58 0.760 
2013 202 0-5 F L 2 28.77 2.570 0.96 7.98 1.25 17.98 3.630 
2013 302 0-5 F L 3 34.02 3.029 1.65 7.06 1.24 21.09 3.820 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2013 401 0-5 F L 4 36.22 3.191 0.78 7.33 1.11 20.10 4.650 
2013 102 0-5 F M 1 30.32 2.844 0.82 7.82 1.10 16.68 6.270 
2013 201 0-5 F M 2 31.89 2.718 0.84 7.84 1.23 19.61 3.400 
2013 303 0-5 F M 3 36.27 3.204 1.54 7.61 1.26 22.85 4.910 
2013 403 0-5 F M 4 35.34 2.928 0.71 7.74 1.13 19.97 6.990 
2013 103 0-5 S H 1 23.83 1.860 0.76 7.94 1.18 14.06 4.390 
2013 203 0-5 S H 2 31.06 2.601 0.68 7.72 1.16 18.01 4.030 
2013 301 0-5 S H 3 22.35 1.756 1.30 8.00 1.47 16.43 5.230 
2013 402 0-5 S H 4 23.45 1.989 0.38 8.05 1.44 16.88 6.030 
2013 101 0-5 S L 1 20.73 1.873 0.76 7.95 1.32 13.68 0.930 
2013 202 0-5 S L 2 17.86 1.106 0.60 8.00 1.54 13.75 3.490 
2013 302 0-5 S L 3 20.28 2.005 1.33 7.93 1.38 13.99 3.780 
2013 401 0-5 S L 4 21.08 1.936 0.40 7.99 1.30 13.70 3.760 
2013 102 0-5 S M 1 28.99 2.349 0.74 7.90 1.32 19.13 1.480 
2013 201 0-5 S M 2 26.01 3.013 0.69 7.66 1.07 13.92 3.400 
2013 303 0-5 S M 3 21.39 1.706 1.33 7.82 1.38 14.76 4.660 
2013 403 0-5 S M 4 20.75 1.676 0.38 7.91 1.39 14.42 3.530 
2013 103 5-15 B H 1 26.05 2.229 0.71 7.96 1.24 32.30 4.790 
2013 203 5-15 B H 2 12.78 1.166 0.59 8.08 1.48 18.91 2.870 
2013 301 5-15 B H 3 23.51 2.091 1.30 7.53 1.28 30.09 3.800 
2013 402 5-15 B H 4 19.85 1.357 0.35 8.09 1.33 26.40 4.520 
2013 101 5-15 B L 1 22.04 1.815 0.70 8.04 1.30 28.65 3.120 
2013 202 5-15 B L 2 17.18 1.359 0.59 8.08 1.40 24.05 4.040 
2013 302 5-15 B L 3 21.77 2.064 1.29 7.67 1.12 24.38 3.890 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2013 401 5-15 B L 4 23.12 1.983 0.34 7.33 1.26 29.13 3.870 
2013 102 5-15 B M 1 17.69 1.513 0.72 8.10 1.40 24.77 3.200 
2013 201 5-15 B M 2 18.22 1.633 0.60 8.22 1.36 24.78 3.710 
2013 303 5-15 B M 3 23.32 2.208 1.34 7.36 1.22 28.45 3.230 
2013 403 5-15 B M 4 17.21 1.374 0.34 7.96 1.31 22.55 4.220 
2013 103 5-15 F H 1 22.36 1.980 0.79 7.82 1.21 27.06 3.260 
2013 203 5-15 F H 2 22.51 2.085 0.66 7.88 1.24 27.91 5.450 
2013 301 5-15 F H 3 32.67 2.795 1.61 6.47 1.09 35.61 5.590 
2013 402 5-15 F H 4 27.97 2.450 0.73 7.57 1.16 32.45 4.630 
2013 101 5-15 F L 1 32.09 2.908 0.77 7.37 1.23 39.47 3.000 
2013 202 5-15 F L 2 22.30 2.190 0.81 7.92 1.26 28.10 3.990 
2013 302 5-15 F L 3 34.74 2.898 1.58 6.80 1.14 39.60 4.680 
2013 401 5-15 F L 4 27.48 2.506 0.63 7.40 1.13 31.05 4.540 
2013 102 5-15 F M 1 22.52 2.285 0.72 8.08 1.04 23.42 5.090 
2013 201 5-15 F M 2 25.79 2.358 0.72 7.89 1.25 32.24 3.710 
2013 303 5-15 F M 3 29.19 2.540 1.46 7.66 1.15 33.57 4.480 
2013 403 5-15 F M 4 25.74 2.187 0.85 7.90 1.06 27.28 0.970 
2013 103 5-15 S H 1 15.36 1.099 0.68 8.13 1.44 22.12 2.700 
2013 203 5-15 S H 2 24.10 2.272 0.62 7.95 1.24 29.88 3.710 
2013 301 5-15 S H 3 18.97 1.570 1.27 8.04 1.37 25.99 4.480 
2013 402 5-15 S H 4 17.10 1.537 0.38 8.12 1.36 23.26 4.220 
2013 101 5-15 S L 1 13.61 0.996 0.69 8.18 1.40 19.05 3.900 
2013 202 5-15 S L 2 10.81 0.551 0.61 8.15 1.55 16.76 2.960 
2013 302 5-15 S L 3 16.42 1.564 1.30 7.91 1.38 22.66 3.630 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2013 401 5-15 S L 4 17.80 1.517 0.35 8.06 1.35 24.03 4.360 
2013 102 5-15 S M 1 18.73 1.444 0.70 8.03 1.32 24.72 3.420 
2013 201 5-15 S M 2 24.69 2.543 0.61 7.64 1.28 31.60 3.610 
2013 303 5-15 S M 3 19.40 1.189 1.29 7.96 1.43 27.74 4.230 
2013 403 5-15 S M 4 18.77 1.103 0.35 8.08 1.31 24.59 4.310 
2013 103 15-30 B H 1 25.40 2.265 0.69 7.83 1.12 42.67 0.238 
2013 203 15-30 B H 2 8.78 0.647 0.60 7.97 1.37 18.04 0.154 
2013 301 15-30 B H 3 15.89 1.513 1.29 7.54 1.23 29.32 0.151 
2013 402 15-30 B H 4 10.77 0.298 0.33 8.19 1.42 22.94 0.208 
2013 101 15-30 B L 1 17.58 1.268 0.71 8.07 1.23 32.44 3.230 
2013 202 15-30 B L 2 13.42 0.703 0.60 8.18 1.35 27.18 -0.075 
2013 302 15-30 B L 3 19.67 2.002 1.29 7.57 1.19 35.11 0.186 
2013 401 15-30 B L 4 13.96 1.169 0.32 7.28 1.28 26.80 0.030 
2013 102 15-30 B M 1 13.59 0.938 0.73 8.15 1.38 28.13 9.270 
2013 201 15-30 B M 2 15.97 1.130 0.57 8.24 1.27 30.42 0.194 
2013 303 15-30 B M 3 21.70 1.844 1.29 7.60 1.07 34.83 0.007 
2013 403 15-30 B M 4 11.80 0.859 0.34 8.06 1.43 25.31 0.019 
2013 103 15-30 F H 1 13.06 1.360 0.71 7.63 1.29 25.27 0.126 
2013 203 15-30 F H 2 23.15 2.000 0.64 7.84 1.33 46.18 1.940 
2013 301 15-30 F H 3 24.25 2.130 1.45 6.40 1.08 39.29 1.240 
2013 402 15-30 F H 4 28.08 2.411 0.68 7.35 1.11 46.75 2.000 
2013 101 15-30 F L 1 23.45 2.319 0.71 7.23 1.11 39.04 8.750 
2013 202 15-30 F L 2 14.86 1.469 0.79 7.64 1.16 25.86 0.694 
2013 302 15-30 F L 3 36.96 2.966 1.40 6.53 1.01 55.99 0.154 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2013 401 15-30 F L 4 27.59 2.290 0.49 7.48 1.12 46.35 0.800 
2013 102 15-30 F M 1 26.63 2.266 0.73 7.90 1.16 46.34 3.640 
2013 201 15-30 F M 2 27.50 2.451 0.69 7.79 1.13 46.61 0.201 
2013 303 15-30 F M 3 24.78 2.315 1.30 7.44 1.05 39.03 0.464 
2013 403 15-30 F M 4 29.54 2.551 0.59 7.68 1.28 56.72 0.850 
2013 103 15-30 S H 1 13.71 0.488 0.68 8.27 1.49 30.64 0.068 
2013 203 15-30 S H 2 20.60 1.829 0.60 7.92 1.22 37.70 0.266 
2013 301 15-30 S H 3 12.46 0.738 1.27 8.16 1.44 26.91 0.318 
2013 402 15-30 S H 4 15.42 0.940 0.36 8.19 1.33 30.76 0.634 
2013 101 15-30 S L 1 8.48 0.217 0.68 8.28 1.40 17.81 3.210 
2013 202 15-30 S L 2 12.27 0.351 0.60 8.27 1.48 27.24 -0.073 
2013 302 15-30 S L 3 15.67 1.333 1.27 7.93 1.23 28.91 0.099 
2013 401 15-30 S L 4 12.60 0.331 0.33 8.24 1.44 27.22 0.189 
2013 102 15-30 S M 1 11.09 0.444 0.67 8.24 1.43 23.79 3.510 
2013 201 15-30 S M 2 18.17 2.073 0.58 7.64 1.14 31.07 0.054 
2013 303 15-30 S M 3 12.52 0.412 1.28 8.16 1.50 28.17 0.094 
2013 403 15-30 S M 4 9.99 0.022 0.35 8.31 1.48 22.18 -0.026 
2013 103 30-60 B H 1 11.44 1.130 0.68 7.53 1.28 43.93 3.780 
2013 203 30-60 B H 2 9.68 0.335 0.63 8.35 1.48 42.98 3.290 
2013 301 30-60 B H 3 15.68 0.723 1.25 8.11 1.38 64.92 3.360 
2013 402 30-60 B H 4 9.00 0.186 0.33 8.41 1.55 41.85 3.860 
2013 101 30-60 B L 1 10.47 0.321 0.69 8.36 1.41 44.29 3.440 
2013 202 30-60 B L 2 12.06 0.243 0.57 8.26 1.43 51.74 4.070 
2013 302 30-60 B L 3 16.17 1.221 1.32 8.00 1.27 61.61 3.850 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2013 401 30-60 B L 4 9.21 0.534 0.33 8.00 1.33 36.75 2.940 
2013 102 30-60 B M 1 10.21 0.302 0.68 8.31 1.39 42.58 3.260 
2013 201 30-60 B M 2 21.46 0.518 0.60 8.33 1.37 88.20 3.090 
2013 303 30-60 B M 3 16.26 0.899 1.31 8.03 1.19 58.05 3.120 
2013 403 30-60 B M 4 10.86 0.257 0.38 8.24 1.46 47.57 3.950 
2013 103 30-60 F H 1 9.12 0.619 0.68 7.77 1.35 36.94 2.810 
2013 203 30-60 F H 2 17.72 1.582 0.60 7.88 1.29 68.58 4.690 
2013 301 30-60 F H 3 15.17 1.412 1.30 6.61 1.18 53.70 3.840 
2013 402 30-60 F H 4 32.79 2.842 0.69 7.03 1.05 103.29 5.200 
2013 101 30-60 F L 1 14.82 1.280 0.69 7.44 1.22 54.24 2.950 
2013 202 30-60 F L 2 28.93 2.681 0.73 7.00 1.20 104.15 2.740 
2013 302 30-60 F L 3 23.33 1.716 1.33 6.29 1.08 75.59 2.910 
2013 401 30-60 F L 4 14.73 1.419 0.33 7.74 1.17 51.70 3.300 
2013 102 30-60 F M 1 12.78 1.203 0.68 7.78 1.20 46.01 3.180 
2013 201 30-60 F M 2 14.13 1.416 0.63 7.40 1.21 51.29 3.190 
2013 303 30-60 F M 3 22.31 1.499 1.28 7.79 1.14 76.30 3.120 
2013 403 30-60 F M 4 31.79 2.784 0.66 7.32 1.08 103.00 3.890 
2013 103 30-60 S H 1 9.75 0.049 0.68 8.44 1.54 45.05 3.570 
2013 203 30-60 S H 2 11.22 0.550 0.60 8.35 1.35 45.44 2.640 
2013 301 30-60 S H 3 10.80 0.430 1.25 8.26 1.44 46.66 3.590 
2013 402 30-60 S H 4 12.63 0.320 0.35 8.41 1.44 54.56 3.800 
2013 101 30-60 S L 1 6.19 0.050 0.68 8.44 1.54 28.60 2.800 
2013 202 30-60 S L 2 10.18 0.027 0.58 8.37 1.50 45.81 3.770 
2013 302 30-60 S L 3 11.89 0.887 1.27 8.17 1.22 43.52 2.960 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2013 401 30-60 S L 4 9.70 0.199 0.33 8.36 1.47 42.78 3.770 
2013 102 30-60 S M 1 7.65 0.095 0.68 8.38 1.49 34.20 3.550 
2013 201 30-60 S M 2 15.38 0.849 0.58 8.10 1.31 60.44 3.420 
2013 303 30-60 S M 3 9.39 0.090 1.26 8.30 1.57 44.23 2.980 
2013 403 30-60 S M 4 7.97 - 0.34 8.50 1.59 38.02 3.700 
2013 103 60-100 B H 1 7.48 0.564 0.68 7.95 1.43 42.79 -0.015 
2013 203 60-100 B H 2 8.69 0.356 0.58 8.47 1.60 55.62 -0.034 
2013 301 60-100 B H 3 7.85 0.269 1.27 8.42 1.54 48.36 3.850 
2013 402 60-100 B H 4 4.31 0.094 0.38 8.49 1.62 27.93 3.500 
2013 101 60-100 B L 1 7.54 0.119 0.69 8.52 1.48 44.64 0.056 
2013 202 60-100 B L 2 8.98 0.095 0.60 8.38 1.57 56.39 0.203 
2013 302 60-100 B L 3 11.81 0.791 1.26 8.20 1.25 59.05 0.039 
2013 401 60-100 B L 4 7.39 0.131 0.32 8.35 1.61 47.59 3.860 
2013 102 60-100 B M 1 10.10 0.096 0.69 8.56 1.55 62.62 -0.027 
2013 201 60-100 B M 2 11.31 0.132 0.60 8.53 1.63 73.74 0.092 
2013 303 60-100 B M 3 11.48 0.214 1.27 8.32 1.50 68.88 4.450 
2013 403 60-100 B M 4 10.39 - 0.31 8.47 1.55 64.42 3.760 
2013 103 60-100 F H 1 7.09 0.291 0.67 8.07 1.54 43.67 -0.083 
2013 203 60-100 F H 2 7.88 0.622 0.60 8.15 1.33 41.92 0.315 
2013 301 60-100 F H 3 13.63 1.015 1.27 7.72 1.21 65.97 2.980 
2013 402 60-100 F H 4 12.34 1.071 0.42 6.73 1.28 63.18 4.010 
2013 101 60-100 F L 1 11.67 0.271 0.68 7.96 1.35 63.02 0.035 
2013 202 60-100 F L 2 8.42 0.689 0.68 6.95 1.40 47.15 -0.031 
2013 302 60-100 F L 3 11.83 0.921 1.29 6.88 1.23 58.20 0.245 
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A1. Cont’d 
Year Plot Depth 
cm 
POS NRT REP SOC 
g kg-1  
TN 
g kg-1  
P 
mg kg-1  
pH ρb 
Mg m-3 
SOCS 
Mg ha-1 
NO3 
g kg-1  
2013 401 60-100 F L 4 12.45 0.749 0.33 8.03 1.29 64.24 3.920 
2013 102 60-100 F M 1 15.03 0.651 0.68 8.18 - - -0.025 
2013 201 60-100 F M 2 4.28 0.771 0.60 7.56 1.41 24.14 -0.011 
2013 303 60-100 F M 3 19.22 0.678 1.29 8.06 1.22 93.79 4.130 
2013 403 60-100 F M 4 33.02 2.878 0.60 7.23 1.10 145.29 4.360 
2013 103 60-100 S H 1 5.41 0.013 0.69 8.53 1.66 35.92 -0.116 
2013 203 60-100 S H 2 11.14 0.312 0.61 8.64 1.60 71.30 -0.003 
2013 301 60-100 S H 3 8.83 0.258 1.28 8.46 1.60 56.51 3.800 
2013 402 60-100 S H 4 6.48 0.065 0.35 8.57 1.54 39.92 4.120 
2013 101 60-100 S L 1 5.47 0.043 0.69 8.61 1.57 34.35 3.370 
2013 202 60-100 S L 2 8.31 0.024 0.59 8.55 1.51 50.19 -0.059 
2013 302 60-100 S L 3 7.56 0.189 1.26 8.43 1.56 47.17 3.800 
2013 401 60-100 S L 4 5.68 0.008 0.33 8.48 1.53 34.76 3.180 
2013 102 60-100 S M 1 6.24 0.037 0.68 8.61 1.49 37.19 3.440 
2013 201 60-100 S M 2 6.35 0.192 0.58 8.41 1.48 37.59 -0.038 
2013 303 60-100 S M 3 9.11 0.051 1.30 8.46 1.63 59.40 4.540 
2013 403 60-100 S M 4 5.89 0.027 0.36 8.63 1.58 37.22 3.720 
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APPENDIX 2 
A2. Dissolved organic carbon (DOC) contents (mg L-1) from 2009 to 2014 under 
switchgrass managed with high, medium, and low N rates at the shoulder, backslope, and 
footslope positions for Chapter 4. POS, position; S, shoulder; B, backslope; F, footslope; 
NRT, N rate; L, low; M, medium; H, high; REP, replication. 
Year Plot POS NRT REP DOC 
mg L-1 
2009 103 B H 1 8.87 
2009 103 B H 1 6.58 
2009 103 B H 1 3.98 
2009 203 B H 2 16.00 
2009 203 B H 2 10.48 
2009 203 B H 2 8.04 
2009 301 B H 3 5.96 
2009 301 B H 3 5.75 
2009 301 B H 3 14.39 
2009 402 B H 4 8.55 
2009 402 B H 4 17.61 
2009 101 B L 1 48.20 
2009 101 B L 1 45.56 
2009 101 B L 1 11.96 
2009 202 B L 2 7.07 
2009 202 B L 2 6.32 
2009 202 B L 2 3.87 
2009 302 B L 3 14.00 
2009 302 B L 3 6.58 
2009 302 B L 3 20.85 
2009 401 B L 4 5.38 
2009 401 B L 4 4.10 
2009 401 B L 4 3.64 
2009 103 F H 1 15.70 
2009 103 F H 1 14.77 
2009 103 F H 1 13.99 
2009 203 F H 2 9.38 
2009 203 F H 2 35.44 
2009 203 F H 2 7.47 
2009 301 F H 3 15.90 
2009 301 F H 3 9.97 
2009 301 F H 3 9.48 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2009 402 F H 4 7.35 
2009 402 F H 4 6.13 
2009 402 F H 4 4.06 
2009 101 F L 1 33.00 
2009 101 F L 1 20.26 
2009 101 F L 1 19.60 
2009 202 F L 2 8.19 
2009 202 F L 2 5.64 
2009 302 F L 3 12.60 
2009 302 F L 3 5.54 
2009 302 F L 3 4.55 
2009 401 F L 4 11.70 
2009 401 F L 4 7.47 
2009 401 F L 4 6.27 
2009 103 S H 1 9.62 
2009 103 S H 1 9.24 
2009 103 S H 1 4.82 
2009 203 S H 2 45.00 
2009 203 S H 2 12.96 
2009 301 S H 3 61.87 
2009 301 S H 3 8.73 
2009 402 S H 4 11.80 
2009 402 S H 4 8.72 
2009 402 S H 4 6.21 
2009 101 S L 1 25.40 
2009 101 S L 1 17.25 
2009 101 S L 1 11.81 
2009 202 S L 2 13.20 
2009 202 S L 2 6.83 
2009 202 S L 2 4.46 
2009 302 S L 3 9.48 
2009 302 S L 3 7.75 
2009 302 S L 3 6.67 
2009 401 S L 4 7.30 
2009 401 S L 4 6.22 
2009 401 S L 4 5.65 
2010 103 B H 1 4.34 
2010 103 B H 1 3.90 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2010 103 B H 1 8.54 
2010 103 B H 1 4.42 
2010 203 B H 2 4.35 
2010 203 B H 2 4.29 
2010 203 B H 2 4.79 
2010 203 B H 2 4.75 
2010 301 B H 3 3.35 
2010 301 B H 3 3.05 
2010 301 B H 3 5.57 
2010 301 B H 3 3.28 
2010 402 B H 4 3.51 
2010 402 B H 4 3.19 
2010 101 B L 1 9.03 
2010 101 B L 1 8.00 
2010 101 B L 1 8.91 
2010 101 B L 1 6.97 
2010 202 B L 2 2.99 
2010 202 B L 2 2.87 
2010 202 B L 2 3.05 
2010 202 B L 2 3.02 
2010 302 B L 3 4.15 
2010 302 B L 3 4.03 
2010 302 B L 3 4.91 
2010 401 B L 4 4.32 
2010 401 B L 4 3.47 
2010 401 B L 4 3.52 
2010 103 F H 1 14.27 
2010 103 F H 1 14.79 
2010 103 F H 1 12.68 
2010 103 F H 1 14.94 
2010 203 F H 2 3.61 
2010 203 F H 2 4.25 
2010 203 F H 2 8.10 
2010 203 F H 2 4.46 
2010 301 F H 3 4.80 
2010 301 F H 3 5.39 
2010 301 F H 3 6.09 
2010 301 F H 3 4.85 
2010 402 F H 4 5.18 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2010 402 F H 4 4.35 
2010 402 F H 4 3.99 
2010 101 F L 1 20.34 
2010 101 F L 1 21.22 
2010 101 F L 1 18.85 
2010 101 F L 1 20.19 
2010 202 F L 2 7.30 
2010 202 F L 2 6.13 
2010 202 F L 2 4.56 
2010 202 F L 2 5.73 
2010 302 F L 3 6.58 
2010 302 F L 3 8.09 
2010 302 F L 3 1.77 
2010 302 F L 3 4.03 
2010 401 F L 4 5.73 
2010 401 F L 4 5.55 
2010 401 F L 4 5.05 
2010 103 S H 1 5.10 
2010 103 S H 1 4.63 
2010 103 S H 1 7.13 
2010 103 S H 1 5.08 
2010 203 S H 2 6.56 
2010 203 S H 2 6.54 
2010 203 S H 2 6.84 
2010 203 S H 2 5.44 
2010 301 S H 3 4.08 
2010 301 S H 3 5.53 
2010 301 S H 3 5.74 
2010 402 S H 4 4.84 
2010 402 S H 4 5.07 
2010 402 S H 4 3.39 
2010 101 S L 1 7.41 
2010 101 S L 1 6.32 
2010 101 S L 1 13.25 
2010 101 S L 1 7.39 
2010 202 S L 2 4.52 
2010 202 S L 2 3.39 
2010 202 S L 2 5.10 
2010 202 S L 2 3.19 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2010 302 S L 3 3.85 
2010 302 S L 3 4.78 
2010 302 S L 3 5.26 
2010 302 S L 3 5.99 
2010 401 S L 4 5.40 
2010 401 S L 4 5.83 
2011 103 B H 1 5.38 
2011 103 B H 1 5.36 
2011 203 B H 2 4.14 
2011 301 B H 3 3.41 
2011 402 B H 4 4.71 
2011 101 B L 1 11.21 
2011 101 B L 1 8.37 
2011 202 B L 2 2.99 
2011 202 B L 2 3.22 
2011 401 B L 4 3.40 
2011 103 F H 1 14.96 
2011 103 F H 1 20.59 
2011 203 F H 2 3.87 
2011 203 F H 2 4.26 
2011 301 F H 3 4.44 
2011 402 F H 4 5.58 
2011 402 F H 4 7.06 
2011 101 F L 1 20.39 
2011 101 F L 1 19.20 
2011 202 F L 2 6.14 
2011 202 F L 2 6.99 
2011 302 F L 3 3.71 
2011 401 F L 4 4.78 
2011 401 F L 4 7.81 
2011 103 S H 1 6.09 
2011 203 S H 2 4.59 
2011 301 S H 3 5.79 
2011 402 S H 4 3.18 
2011 101 S L 1 19.97 
2011 101 S L 1 5.04 
2011 202 S L 2 5.05 
2011 302 S L 3 4.97 
2011 401 S L 4 3.69 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2012 103 B H 1 13.24 
2012 101 B L 1 7.99 
2012 101 B L 1 16.38 
2012 103 F H 1 14.70 
2012 203 F H 2 0.94 
2012 301 F H 3 3.46 
2012 101 F L 1 17.12 
2012 101 F L 1 25.50 
2012 202 F L 2 4.14 
2012 401 F L 4 6.08 
2012 401 F L 4 13.89 
2012 202 S L 2 4.99 
2012 202 S L 2 7.29 
2012 302 S L 3 4.98 
2012 302 S L 3 10.10 
2013 101 B L 1 27.08 
2013 101 B L 1 8.40 
2013 102 B M 1 8.13 
2013 102 B M 1 6.06 
2013 403 B M 4 4.51 
2013 101 F L 1 16.25 
2013 101 F L 1 14.35 
2013 302 F L 3 13.97 
2013 401 F L 4 5.40 
2013 401 F L 4 6.65 
2013 303 F M 3 6.59 
2013 301 S H 3 9.48 
2013 302 S L 3 6.21 
2013 401 S L 4 3.79 
2013 303 S M 3 16.67 
2014 203 B H 2 5.98 
2014 203 B H 2 5.28 
2014 301 B H 3 5.12 
2014 301 B H 3 3.70 
2014 402 B H 4 13.13 
2014 402 B H 4 4.04 
2014 402 B H 4 3.19 
2014 101 B L 1 4.60 
2014 101 B L 1 5.88 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2014 101 B L 1 4.37 
2014 101 B L 1 5.15 
2014 101 B L 1 5.94 
2014 202 B L 2 4.08 
2014 202 B L 2 3.19 
2014 302 B L 3 3.82 
2014 302 B L 3 0.25 
2014 302 B L 3 4.05 
2014 401 B L 4 4.59 
2014 401 B L 4 3.90 
2014 401 B L 4 3.10 
2014 401 B L 4 7.00 
2014 102 B M 1 5.10 
2014 102 B M 1 4.31 
2014 102 B M 1 6.28 
2014 102 B M 1 5.47 
2014 102 B M 1 4.94 
2014 102 B M 1 6.20 
2014 303 B M 3 10.19 
2014 303 B M 3 3.42 
2014 303 B M 3 3.08 
2014 403 B M 4 3.65 
2014 403 B M 4 3.28 
2014 103 F H 1 8.80 
2014 103 F H 1 8.54 
2014 103 F H 1 7.70 
2014 103 F H 1 6.99 
2014 103 F H 1 7.64 
2014 101 F L 1 11.41 
2014 101 F L 1 15.96 
2014 101 F L 1 10.30 
2014 101 F L 1 13.53 
2014 101 F L 1 9.37 
2014 101 F L 1 10.10 
2014 202 F L 2 4.83 
2014 202 F L 2 4.05 
2014 202 F L 2 4.70 
2014 202 F L 2 4.94 
2014 302 F L 3 4.68 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2014 302 F L 3 4.24 
2014 401 F L 4 4.59 
2014 401 F L 4 3.34 
2014 401 F L 4 4.86 
2014 401 F L 4 4.26 
2014 401 F L 4 5.50 
2014 201 F M 2 4.35 
2014 201 F M 2 4.37 
2014 201 F M 2 4.39 
2014 303 F M 3 7.86 
2014 303 F M 3 13.00 
2014 303 F M 3 4.65 
2014 403 F M 4 7.31 
2014 403 F M 4 6.08 
2014 103 S H 1 4.54 
2014 103 S H 1 4.22 
2014 301 S H 3 4.89 
2014 301 S H 3 4.15 
2014 402 S H 4 3.66 
2014 402 S H 4 3.16 
2014 402 S H 4 4.75 
2014 101 S L 1 18.80 
2014 101 S L 1 11.00 
2014 101 S L 1 70.90 
2014 202 S L 2 3.27 
2014 202 S L 2 2.90 
2014 302 S L 3 5.39 
2014 302 S L 3 6.20 
2014 302 S L 3 4.13 
2014 302 S L 3 4.56 
2014 302 S L 3 12.70 
2014 401 S L 4 3.42 
2014 401 S L 4 2.62 
2014 401 S L 4 3.11 
2014 401 S L 4 4.44 
2014 102 S M 1 4.91 
2014 102 S M 1 5.53 
2014 102 S M 1 4.93 
2014 102 S M 1 4.53 
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A2. Cont’d 
Year Plot POS NRT REP DOC 
mg L-1 
2014 201 S M 2 2.44 
2014 201 S M 2 5.89 
2014 303 S M 3 5.38 
2014 303 S M 3 4.42 
2014 403 S M 4 4.87 
2014 403 S M 4 4.13 
2014 403 S M 4 2.29 
2014 403 S M 4 4.97 
2014 403 S M 4 34.00 
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APPENDIX 3 
A3.1. Soil surface nitrous dioxide (N2O) fluxes (g ha
-1 d-1) from 2010 to 2015 under 
switchgrass managed with high, medium, and low N rates at the shoulder, backslope, and 
footslope positions for Chapter 5. Note: POS, position; S, shoulder; F, footslope; NRT, N 
rate; L, low; M, medium; H, high; REP, replication.  
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2010 5/25/2010 103 S H 1 6.039 
2010 6/7/2010 103 S H 1 9.893 
2010 6/21/2010 103 S H 1 3.507 
2010 7/20/2010 103 S H 1 2.4 
2010 8/3/2010 103 S H 1 0.056 
2010 8/18/2010 103 S H 1 2.577 
2010 9/2/2010 103 S H 1 4.843 
2010 10/16/2010 103 S H 1 3.498 
2010 10/30/2010 103 S H 1 1.296 
2010 5/25/2010 203 S H 2 2.543 
2010 6/7/2010 203 S H 2 5.458 
2010 6/21/2010 203 S H 2 3.672 
2010 8/3/2010 203 S H 2 3.736 
2010 10/2/2010 203 S H 2 1.452 
2010 10/16/2010 203 S H 2 2.864 
2010 5/25/2010 301 S H 3 9.383 
2010 6/21/2010 301 S H 3 0.984 
2010 8/3/2010 301 S H 3 0.904 
2010 9/2/2010 301 S H 3 2.147 
2010 10/30/2010 301 S H 3 8.035 
2010 5/25/2010 402 S H 4 0 
2010 6/7/2010 402 S H 4 4.181 
2010 6/21/2010 402 S H 4 3.91 
2010 7/20/2010 402 S H 4 3.061 
2010 8/3/2010 402 S H 4 0.364 
2010 9/2/2010 402 S H 4 3.366 
2010 10/16/2010 402 S H 4 0.118 
2010 10/30/2010 402 S H 4 5.996 
2010 5/25/2010 101 S L 1 0.818 
2010 6/7/2010 101 S L 1 7.37 
2010 6/21/2010 101 S L 1 2.065 
2010 7/20/2010 101 S L 1 6.086 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2010 8/3/2010 101 S L 1 6.526 
2010 8/18/2010 101 S L 1 1.042 
2010 9/2/2010 101 S L 1 2.552 
2010 10/30/2010 101 S L 1 0.095 
2010 6/21/2010 202 S L 2 0.803 
2010 7/20/2010 202 S L 2 2.366 
2010 8/18/2010 202 S L 2 0.203 
2010 9/2/2010 202 S L 2 4.157 
2010 10/16/2010 202 S L 2 1.869 
2010 6/7/2010 302 S L 3 3.724 
2010 6/21/2010 302 S L 3 2.36 
2010 8/3/2010 302 S L 3 6.721 
2010 8/18/2010 302 S L 3 0.548 
2010 9/2/2010 302 S L 3 2.088 
2010 10/16/2010 302 S L 3 1.298 
2010 5/25/2010 401 S L 4 2.956 
2010 6/21/2010 401 S L 4 1.435 
2010 7/20/2010 401 S L 4 1.797 
2010 8/18/2010 401 S L 4 0.966 
2010 9/2/2010 401 S L 4 3.992 
2010 10/16/2010 401 S L 4 3.46 
2010 10/30/2010 401 S L 4 5.689 
2010 5/25/2010 102 S M 1 5.841 
2010 6/21/2010 102 S M 1 3.281 
2010 7/20/2010 102 S M 1 3.4 
2010 8/3/2010 102 S M 1 3.797 
2010 10/16/2010 102 S M 1 1.78 
2010 10/30/2010 102 S M 1 0.854 
2010 5/25/2010 201 S M 2 5.2 
2010 7/7/2010 201 S M 2 2.365 
2010 7/20/2010 201 S M 2 3.848 
2010 8/3/2010 201 S M 2 1.405 
2010 8/18/2010 201 S M 2 0.348 
2010 5/25/2010 303 S M 3 3.788 
2010 6/7/2010 303 S M 3 7.098 
2010 6/21/2010 303 S M 3 0.253 
2010 8/3/2010 303 S M 3 3.276 
2010 8/18/2010 303 S M 3 5.076 
2010 9/2/2010 303 S M 3 4.383 
2010 5/25/2010 403 S M 4 1.697 
 
 
302 
 
 
 
A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2010 7/20/2010 403 S M 4 0.786 
2010 8/18/2010 403 S M 4 0.767 
2010 6/21/2010 103 F H 1 12.105 
2010 7/20/2010 103 F H 1 4.886 
2010 8/3/2010 103 F H 1 4.585 
2010 10/16/2010 103 F H 1 5.155 
2010 5/25/2010 203 F H 2 7.172 
2010 6/21/2010 203 F H 2 6.053 
2010 7/7/2010 203 F H 2 7.533 
2010 7/20/2010 203 F H 2 6.927 
2010 8/18/2010 203 F H 2 1.999 
2010 9/2/2010 203 F H 2 2.313 
2010 10/2/2010 203 F H 2 0.968 
2010 10/16/2010 203 F H 2 4.553 
2010 10/30/2010 203 F H 2 4.295 
2010 5/25/2010 301 F H 3 7.03 
2010 6/7/2010 301 F H 3 2.705 
2010 6/21/2010 301 F H 3 6.013 
2010 8/3/2010 301 F H 3 0.198 
2010 8/18/2010 301 F H 3 1.73 
2010 9/2/2010 301 F H 3 0.147 
2010 10/2/2010 301 F H 3 7.601 
2010 10/16/2010 301 F H 3 0.181 
2010 10/30/2010 301 F H 3 4.933 
2010 5/25/2010 402 F H 4 1.58 
2010 6/7/2010 402 F H 4 10.538 
2010 6/21/2010 402 F H 4 3.741 
2010 7/7/2010 402 F H 4 11.86 
2010 8/3/2010 402 F H 4 5.374 
2010 9/2/2010 402 F H 4 5.749 
2010 10/2/2010 402 F H 4 6.787 
2010 10/30/2010 402 F H 4 0.646 
2010 5/25/2010 101 F L 1 0.564 
2010 6/21/2010 101 F L 1 6.194 
2010 7/7/2010 101 F L 1 0.784 
2010 10/16/2010 101 F L 1 4.664 
2010 5/25/2010 202 F L 2 2.229 
2010 6/7/2010 202 F L 2 1.149 
2010 7/20/2010 202 F L 2 7.127 
2010 9/2/2010 202 F L 2 1.347 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2010 10/2/2010 202 F L 2 1.754 
2010 6/7/2010 302 F L 3 4.451 
2010 6/21/2010 302 F L 3 1.574 
2010 7/20/2010 302 F L 3 7.149 
2010 8/18/2010 302 F L 3 4.47 
2010 10/2/2010 302 F L 3 1.327 
2010 10/16/2010 302 F L 3 1.449 
2010 10/30/2010 302 F L 3 0.558 
2010 6/21/2010 401 F L 4 2.081 
2010 8/18/2010 401 F L 4 5.596 
2010 9/2/2010 401 F L 4 3.813 
2010 10/2/2010 401 F L 4 1.66 
2010 6/7/2010 102 F M 1 9.779 
2010 7/20/2010 102 F M 1 3.629 
2010 8/3/2010 102 F M 1 1.66 
2010 8/18/2010 102 F M 1 0.492 
2010 10/2/2010 102 F M 1 9.7 
2010 10/16/2010 102 F M 1 2.578 
2010 10/30/2010 102 F M 1 1.391 
2010 5/25/2010 201 F M 2 2.8 
2010 6/7/2010 201 F M 2 6.98 
2010 6/21/2010 201 F M 2 2.668 
2010 8/3/2010 201 F M 2 4.326 
2010 8/18/2010 201 F M 2 2.376 
2010 9/2/2010 201 F M 2 5.094 
2010 10/2/2010 201 F M 2 1.331 
2010 10/16/2010 201 F M 2 5.94 
2010 5/25/2010 303 F M 3 2.267 
2010 6/7/2010 303 F M 3 5.818 
2010 8/3/2010 303 F M 3 5.28 
2010 10/30/2010 303 F M 3 2.916 
2010 5/25/2010 403 F M 4 0.351 
2010 6/7/2010 403 F M 4 2.352 
2010 7/7/2010 403 F M 4 1.451 
2010 8/3/2010 403 F M 4 1.148 
2010 8/18/2010 403 F M 4 1.505 
2010 9/2/2010 403 F M 4 3.634 
2010 10/2/2010 403 F M 4 0.859 
2011 4/28/2011 103 S H 1 5.34 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2011 5/12/2011 103 S H 1 0.294 
2011 6/9/2011 103 S H 1 0.593 
2011 6/17/2011 103 S H 1 2.337 
2011 7/8/2011 103 S H 1 2.42 
2011 7/22/2011 103 S H 1 7.152 
2011 8/5/2011 103 S H 1 1.578 
2011 8/19/2011 103 S H 1 0.379 
2011 9/15/2011 103 S H 1 0.064 
2011 5/26/2011 203 S H 2 5.908 
2011 6/9/2011 203 S H 2 2.923 
2011 6/24/2011 203 S H 2 1.419 
2011 4/28/2011 301 S H 3 0.472 
2011 6/9/2011 301 S H 3 2.553 
2011 6/24/2011 301 S H 3 2.795 
2011 7/8/2011 301 S H 3 2.065 
2011 7/22/2011 301 S H 3 3.861 
2011 9/1/2011 301 S H 3 1.337 
2011 9/15/2011 301 S H 3 0.594 
2011 9/30/2011 301 S H 3 1.4 
2011 11/15/2011 301 S H 3 3.612 
2011 6/9/2011 402 S H 4 1.501 
2011 6/17/2011 402 S H 4 6.789 
2011 7/22/2011 402 S H 4 4.115 
2011 8/5/2011 402 S H 4 2.616 
2011 9/1/2011 402 S H 4 2.232 
2011 9/15/2011 402 S H 4 0.574 
2011 9/30/2011 402 S H 4 0.556 
2011 4/28/2011 101 S L 1 3.837 
2011 5/12/2011 101 S L 1 3.26 
2011 6/9/2011 101 S L 1 0.08 
2011 6/24/2011 101 S L 1 2.59 
2011 7/8/2011 101 S L 1 4.334 
2011 7/22/2011 101 S L 1 6.357 
2011 8/5/2011 101 S L 1 3.755 
2011 9/1/2011 101 S L 1 0.654 
2011 9/15/2011 101 S L 1 0.763 
2011 9/30/2011 101 S L 1 1.75 
2011 10/21/2011 101 S L 1 1.309 
2011 5/12/2011 202 S L 2 0.138 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2011 7/8/2011 202 S L 2 1.135 
2011 7/22/2011 202 S L 2 1.467 
2011 8/19/2011 202 S L 2 1.848 
2011 9/1/2011 202 S L 2 0.166 
2011 9/15/2011 202 S L 2 1.402 
2011 10/21/2011 202 S L 2 0.503 
2011 4/28/2011 302 S L 3 0.508 
2011 6/9/2011 302 S L 3 3.823 
2011 7/8/2011 302 S L 3 3.596 
2011 8/5/2011 302 S L 3 6.104 
2011 8/19/2011 302 S L 3 1.627 
2011 9/30/2011 302 S L 3 1.12 
2011 11/15/2011 302 S L 3 1.207 
2011 5/26/2011 401 S L 4 0.156 
2011 6/9/2011 401 S L 4 3.128 
2011 6/24/2011 401 S L 4 3.453 
2011 8/19/2011 401 S L 4 3.391 
2011 9/30/2011 401 S L 4 0.996 
2011 4/28/2011 102 S M 1 3.36 
2011 6/9/2011 102 S M 1 2.096 
2011 8/19/2011 102 S M 1 1.214 
2011 4/28/2011 201 S M 2 0.756 
2011 5/12/2011 201 S M 2 1.43 
2011 6/9/2011 201 S M 2 7.115 
2011 7/8/2011 201 S M 2 1.674 
2011 7/22/2011 201 S M 2 0.601 
2011 9/1/2011 201 S M 2 0.73 
2011 9/15/2011 201 S M 2 0.928 
2011 9/30/2011 201 S M 2 0.232 
2011 4/28/2011 303 S M 3 1.669 
2011 5/12/2011 303 S M 3 3.843 
2011 6/9/2011 303 S M 3 5.742 
2011 6/17/2011 303 S M 3 5.312 
2011 6/24/2011 303 S M 3 5.669 
2011 7/8/2011 303 S M 3 3.52 
2011 8/19/2011 303 S M 3 3.963 
2011 9/30/2011 303 S M 3 0.548 
2011 11/15/2011 303 S M 3 1.799 
2011 5/12/2011 403 S M 4 0.043 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2011 6/24/2011 403 S M 4 0.361 
2011 8/19/2011 403 S M 4 3.754 
2011 9/1/2011 403 S M 4 1.928 
2011 9/15/2011 403 S M 4 0.222 
2011 11/15/2011 403 S M 4 0.433 
2011 5/12/2011 103 F H 1 2.175 
2011 5/26/2011 103 F H 1 3.323 
2011 6/9/2011 103 F H 1 5.247 
2011 6/24/2011 103 F H 1 1.522 
2011 7/8/2011 103 F H 1 0 
2011 7/22/2011 103 F H 1 1.763 
2011 8/5/2011 103 F H 1 0.311 
2011 9/1/2011 103 F H 1 0.534 
2011 9/30/2011 103 F H 1 0.511 
2011 10/21/2011 103 F H 1 3.657 
2011 11/15/2011 103 F H 1 0.751 
2011 4/28/2011 203 F H 2 3.951 
2011 5/12/2011 203 F H 2 4.419 
2011 5/26/2011 203 F H 2 1.633 
2011 6/9/2011 203 F H 2 6.227 
2011 6/17/2011 203 F H 2 0.703 
2011 6/24/2011 203 F H 2 4.135 
2011 7/8/2011 203 F H 2 8.62 
2011 7/22/2011 203 F H 2 3.886 
2011 8/19/2011 203 F H 2 2.757 
2011 9/15/2011 203 F H 2 0.644 
2011 4/28/2011 301 F H 3 0.395 
2011 5/12/2011 301 F H 3 0.124 
2011 6/17/2011 301 F H 3 2.323 
2011 6/24/2011 301 F H 3 12.437 
2011 7/8/2011 301 F H 3 1.201 
2011 7/22/2011 301 F H 3 0.376 
2011 8/19/2011 301 F H 3 2.383 
2011 9/1/2011 301 F H 3 1.581 
2011 10/21/2011 301 F H 3 1.527 
2011 11/15/2011 301 F H 3 4.754 
2011 5/26/2011 402 F H 4 5.692 
2011 6/9/2011 402 F H 4 5.656 
2011 7/8/2011 402 F H 4 2.859 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2011 9/1/2011 402 F H 4 2.038 
2011 9/15/2011 402 F H 4 1.248 
2011 11/15/2011 402 F H 4 3.583 
2011 5/12/2011 101 F L 1 0.688 
2011 5/26/2011 101 F L 1 0.924 
2011 6/9/2011 101 F L 1 0.578 
2011 6/17/2011 101 F L 1 0.72 
2011 6/24/2011 101 F L 1 2.18 
2011 8/5/2011 101 F L 1 0.672 
2011 9/15/2011 101 F L 1 0.169 
2011 9/30/2011 101 F L 1 2.853 
2011 11/15/2011 101 F L 1 0.553 
2011 4/28/2011 202 F L 2 6.097 
2011 5/12/2011 202 F L 2 1.001 
2011 5/26/2011 202 F L 2 4.306 
2011 6/17/2011 202 F L 2 4.284 
2011 7/8/2011 202 F L 2 0.964 
2011 7/22/2011 202 F L 2 0.032 
2011 8/5/2011 202 F L 2 5.947 
2011 8/19/2011 202 F L 2 2.078 
2011 9/1/2011 202 F L 2 1.297 
2011 9/30/2011 202 F L 2 1.561 
2011 10/21/2011 202 F L 2 1.525 
2011 5/12/2011 302 F L 3 1.617 
2011 5/26/2011 302 F L 3 2.304 
2011 6/17/2011 302 F L 3 0.371 
2011 7/22/2011 302 F L 3 5.498 
2011 8/5/2011 302 F L 3 3.067 
2011 9/15/2011 302 F L 3 0.02 
2011 9/30/2011 302 F L 3 0.994 
2011 10/21/2011 302 F L 3 5.371 
2011 11/15/2011 302 F L 3 0.054 
2011 6/9/2011 401 F L 4 3.406 
2011 6/17/2011 401 F L 4 2.946 
2011 6/24/2011 401 F L 4 3.595 
2011 7/8/2011 401 F L 4 3.455 
2011 8/19/2011 401 F L 4 2.408 
2011 10/21/2011 401 F L 4 1.014 
2011 11/15/2011 401 F L 4 3.595 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2011 5/26/2011 102 F M 1 1.644 
2011 6/24/2011 102 F M 1 4.655 
2011 7/8/2011 102 F M 1 0.979 
2011 8/5/2011 102 F M 1 1.579 
2011 8/19/2011 102 F M 1 1.742 
2011 9/1/2011 102 F M 1 0.402 
2011 9/15/2011 102 F M 1 0.574 
2011 10/21/2011 102 F M 1 5.364 
2011 11/15/2011 102 F M 1 0.018 
2011 5/26/2011 201 F M 2 7.532 
2011 6/9/2011 201 F M 2 7.481 
2011 6/17/2011 201 F M 2 1.673 
2011 6/24/2011 201 F M 2 8.045 
2011 7/8/2011 201 F M 2 8.912 
2011 7/22/2011 201 F M 2 0.463 
2011 8/5/2011 201 F M 2 1.475 
2011 9/1/2011 201 F M 2 0.069 
2011 9/30/2011 201 F M 2 0.048 
2011 11/15/2011 201 F M 2 0.262 
2011 6/17/2011 303 F M 3 8.39 
2011 7/8/2011 303 F M 3 0.302 
2011 8/5/2011 303 F M 3 3.748 
2011 8/19/2011 303 F M 3 2.83 
2011 9/15/2011 303 F M 3 2.044 
2011 9/30/2011 303 F M 3 0.089 
2011 10/21/2011 303 F M 3 4.01 
2011 11/15/2011 303 F M 3 2.762 
2011 5/12/2011 403 F M 4 2.136 
2011 6/9/2011 403 F M 4 3.097 
2011 6/17/2011 403 F M 4 6.005 
2011 7/8/2011 403 F M 4 2.881 
2011 7/22/2011 403 F M 4 0.805 
2011 9/1/2011 403 F M 4 1.557 
2011 9/15/2011 403 F M 4 1.297 
2011 10/21/2011 403 F M 4 0.743 
2012 4/24/2012 103 S H 1 0.337 
2012 5/22/2012 103 S H 1 0.668 
2012 5/30/2012 103 S H 1 1.765 
2012 6/21/2012 103 S H 1 2.111 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2012 7/5/2012 103 S H 1 1.134 
2012 7/19/2012 103 S H 1 5.314 
2012 8/2/2012 103 S H 1 1.415 
2012 8/16/2012 103 S H 1 2.729 
2012 9/6/2012 103 S H 1 2.466 
2012 6/5/2012 203 S H 2 0.568 
2012 8/16/2012 203 S H 2 2.752 
2012 4/5/2012 301 S H 3 3.246 
2012 4/24/2012 301 S H 3 1.011 
2012 5/22/2012 301 S H 3 0.437 
2012 6/21/2012 301 S H 3 4.067 
2012 7/19/2012 301 S H 3 4.156 
2012 8/2/2012 301 S H 3 4.366 
2012 8/16/2012 301 S H 3 3.087 
2012 9/6/2012 301 S H 3 1.993 
2012 10/8/2012 301 S H 3 0.89 
2012 4/5/2012 402 S H 4 0.967 
2012 4/24/2012 402 S H 4 1.697 
2012 5/9/2012 402 S H 4 1.287 
2012 5/22/2012 402 S H 4 1.485 
2012 5/30/2012 402 S H 4 3.332 
2012 6/21/2012 402 S H 4 2.763 
2012 7/19/2012 402 S H 4 2.079 
2012 8/2/2012 402 S H 4 0.605 
2012 4/5/2012 101 S L 1 1.15 
2012 4/24/2012 101 S L 1 2.514 
2012 5/9/2012 101 S L 1 1.491 
2012 5/22/2012 101 S L 1 1.192 
2012 5/30/2012 101 S L 1 2.948 
2012 6/5/2012 101 S L 1 1.501 
2012 6/21/2012 101 S L 1 2.54 
2012 7/5/2012 101 S L 1 2.998 
2012 7/19/2012 101 S L 1 3.822 
2012 8/2/2012 101 S L 1 0.707 
2012 8/16/2012 101 S L 1 0.449 
2012 10/8/2012 101 S L 1 1.614 
2012 4/24/2012 202 S L 2 0.42 
2012 5/22/2012 202 S L 2 1.294 
2012 5/30/2012 202 S L 2 1.263 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2012 6/5/2012 202 S L 2 0.785 
2012 6/21/2012 202 S L 2 1.478 
2012 7/5/2012 202 S L 2 3.312 
2012 8/16/2012 202 S L 2 0.09 
2012 9/17/2012 202 S L 2 1.251 
2012 4/5/2012 302 S L 3 0.697 
2012 5/9/2012 302 S L 3 1.602 
2012 6/5/2012 302 S L 3 0.769 
2012 7/5/2012 302 S L 3 4.563 
2012 8/2/2012 302 S L 3 4.617 
2012 9/6/2012 302 S L 3 0.511 
2012 9/17/2012 302 S L 3 2.422 
2012 10/8/2012 302 S L 3 0.563 
2012 4/5/2012 401 S L 4 1.041 
2012 5/22/2012 401 S L 4 0.27 
2012 5/30/2012 401 S L 4 2.486 
2012 6/21/2012 401 S L 4 1.433 
2012 7/5/2012 401 S L 4 0.893 
2012 8/16/2012 401 S L 4 1.384 
2012 9/6/2012 401 S L 4 0.752 
2012 5/30/2012 102 S M 1 1.288 
2012 6/5/2012 102 S M 1 0.879 
2012 7/5/2012 102 S M 1 0.786 
2012 8/2/2012 102 S M 1 3.968 
2012 8/16/2012 102 S M 1 4.089 
2012 9/6/2012 102 S M 1 0.519 
2012 9/17/2012 102 S M 1 1.098 
2012 5/9/2012 201 S M 2 2.787 
2012 6/5/2012 201 S M 2 1.301 
2012 6/21/2012 201 S M 2 3.906 
2012 8/2/2012 201 S M 2 1.226 
2012 8/16/2012 201 S M 2 3.467 
2012 9/6/2012 201 S M 2 1.285 
2012 9/17/2012 201 S M 2 1.243 
2012 4/24/2012 303 S M 3 1.629 
2012 5/22/2012 303 S M 3 1.388 
2012 6/5/2012 303 S M 3 1.992 
2012 6/21/2012 303 S M 3 4.018 
2012 7/5/2012 303 S M 3 4.754 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2012 8/16/2012 303 S M 3 2.003 
2012 9/6/2012 303 S M 3 3.1 
2012 4/5/2012 403 S M 4 0.806 
2012 5/9/2012 403 S M 4 0.478 
2012 5/30/2012 403 S M 4 2.492 
2012 6/5/2012 403 S M 4 0.936 
2012 6/21/2012 403 S M 4 4.254 
2012 7/5/2012 403 S M 4 1.541 
2012 7/19/2012 403 S M 4 2.697 
2012 8/2/2012 403 S M 4 2.631 
2012 8/16/2012 403 S M 4 0.097 
2012 9/6/2012 403 S M 4 0.333 
2012 4/24/2012 103 F H 1 0.337 
2012 6/5/2012 103 F H 1 1.238 
2012 7/19/2012 103 F H 1 0.152 
2012 8/16/2012 103 F H 1 1.641 
2012 10/8/2012 103 F H 1 1.849 
2012 4/5/2012 203 F H 2 2.777 
2012 4/24/2012 203 F H 2 3.599 
2012 5/9/2012 203 F H 2 4.307 
2012 5/22/2012 203 F H 2 0.466 
2012 5/30/2012 203 F H 2 4.827 
2012 6/5/2012 203 F H 2 1.814 
2012 6/21/2012 203 F H 2 1.701 
2012 9/6/2012 203 F H 2 1.992 
2012 9/17/2012 203 F H 2 1.008 
2012 4/5/2012 301 F H 3 2.442 
2012 4/24/2012 301 F H 3 1.08 
2012 5/9/2012 301 F H 3 1.759 
2012 5/30/2012 301 F H 3 3.002 
2012 6/21/2012 301 F H 3 1.927 
2012 7/19/2012 301 F H 3 11.742 
2012 9/6/2012 301 F H 3 0.192 
2012 10/8/2012 301 F H 3 3.294 
2012 4/5/2012 402 F H 4 1.033 
2012 5/9/2012 402 F H 4 0.474 
2012 5/30/2012 402 F H 4 0.776 
2012 6/21/2012 402 F H 4 3.186 
2012 7/19/2012 402 F H 4 3.812 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2012 8/2/2012 402 F H 4 2.3 
2012 9/6/2012 402 F H 4 0.918 
2012 4/24/2012 101 F L 1 1.476 
2012 5/22/2012 101 F L 1 0.508 
2012 5/30/2012 101 F L 1 0.615 
2012 6/5/2012 101 F L 1 1.405 
2012 6/21/2012 101 F L 1 0.814 
2012 7/19/2012 101 F L 1 1.351 
2012 8/2/2012 101 F L 1 1.351 
2012 8/16/2012 101 F L 1 1.383 
2012 9/6/2012 101 F L 1 1.034 
2012 9/17/2012 101 F L 1 7.41 
2012 10/8/2012 101 F L 1 0.449 
2012 4/5/2012 202 F L 2 2.247 
2012 4/24/2012 202 F L 2 1.175 
2012 5/22/2012 202 F L 2 0.584 
2012 5/30/2012 202 F L 2 0.516 
2012 6/21/2012 202 F L 2 4.012 
2012 7/5/2012 202 F L 2 0.063 
2012 7/19/2012 202 F L 2 1.505 
2012 8/16/2012 202 F L 2 0.181 
2012 4/5/2012 302 F L 3 7.967 
2012 4/24/2012 302 F L 3 2.976 
2012 5/22/2012 302 F L 3 2.383 
2012 6/5/2012 302 F L 3 0.623 
2012 6/21/2012 302 F L 3 0.694 
2012 7/5/2012 302 F L 3 2.482 
2012 7/19/2012 302 F L 3 7.276 
2012 8/16/2012 302 F L 3 1.322 
2012 10/8/2012 302 F L 3 2.537 
2012 4/24/2012 401 F L 4 2.149 
2012 5/22/2012 401 F L 4 0.364 
2012 6/5/2012 401 F L 4 0.378 
2012 6/21/2012 401 F L 4 0.431 
2012 7/5/2012 401 F L 4 0.865 
2012 7/19/2012 401 F L 4 4.691 
2012 8/16/2012 401 F L 4 0.545 
2012 9/6/2012 401 F L 4 1.365 
2012 10/8/2012 401 F L 4 1.303 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2012 4/5/2012 102 F M 1 3.399 
2012 4/24/2012 102 F M 1 1.446 
2012 5/9/2012 102 F M 1 3.862 
2012 6/21/2012 102 F M 1 1.326 
2012 7/19/2012 102 F M 1 2.65 
2012 8/2/2012 102 F M 1 0.736 
2012 9/17/2012 102 F M 1 0.328 
2012 4/5/2012 201 F M 2 0.476 
2012 4/24/2012 201 F M 2 0.951 
2012 5/9/2012 201 F M 2 0.816 
2012 5/30/2012 201 F M 2 1.413 
2012 6/5/2012 201 F M 2 0.573 
2012 6/21/2012 201 F M 2 3.303 
2012 7/5/2012 201 F M 2 3.464 
2012 7/19/2012 201 F M 2 3.827 
2012 8/2/2012 201 F M 2 0.514 
2012 9/6/2012 201 F M 2 0.493 
2012 9/17/2012 201 F M 2 0.808 
2012 4/5/2012 303 F M 3 0.743 
2012 5/9/2012 303 F M 3 6.777 
2012 5/22/2012 303 F M 3 1.946 
2012 5/30/2012 303 F M 3 0.375 
2012 7/5/2012 303 F M 3 2.102 
2012 7/19/2012 303 F M 3 9.292 
2012 8/2/2012 303 F M 3 0.961 
2012 8/16/2012 303 F M 3 2.212 
2012 9/6/2012 303 F M 3 0.248 
2012 9/17/2012 303 F M 3 0.732 
2012 4/5/2012 403 F M 4 1.345 
2012 4/24/2012 403 F M 4 0.228 
2012 5/30/2012 403 F M 4 3.459 
2012 6/5/2012 403 F M 4 1.337 
2012 6/21/2012 403 F M 4 0.959 
2012 7/5/2012 403 F M 4 5.526 
2012 7/19/2012 403 F M 4 5.782 
2012 8/2/2012 403 F M 4 0.508 
2012 9/6/2012 403 F M 4 1.882 
2012 9/17/2012 403 F M 4 1.234 
2014 5/9/2014 103 S H 1 0.75 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2014 5/22/2014 103 S H 1 2.059 
2014 6/13/2014 103 S H 1 2.129 
2014 7/10/2014 103 S H 1 0.516 
2014 7/29/2014 103 S H 1 0.803 
2014 8/12/2014 103 S H 1 0.456 
2014 9/1/2014 103 S H 1 0.594 
2014 9/13/2014 103 S H 1 1.24 
2014 9/27/2014 103 S H 1 0.517 
2014 10/7/2014 103 S H 1 0.604 
2014 10/14/2014 103 S H 1 0.355 
2014 5/9/2014 203 S H 2 1.848 
2014 5/22/2014 203 S H 2 0.123 
2014 7/10/2014 203 S H 2 1.328 
2014 7/29/2014 203 S H 2 0.316 
2014 8/12/2014 203 S H 2 0.897 
2014 9/1/2014 203 S H 2 0.113 
2014 9/13/2014 203 S H 2 0.476 
2014 9/27/2014 203 S H 2 0.855 
2014 10/14/2014 203 S H 2 0.944 
2014 5/3/2014 301 S H 3 1.96 
2014 5/9/2014 301 S H 3 0.332 
2014 5/22/2014 301 S H 3 5.387 
2014 7/10/2014 301 S H 3 2.983 
2014 7/29/2014 301 S H 3 0.229 
2014 8/12/2014 301 S H 3 1.347 
2014 9/1/2014 301 S H 3 1.008 
2014 9/13/2014 301 S H 3 2.124 
2014 9/27/2014 301 S H 3 0.34 
2014 10/14/2014 301 S H 3 0.588 
2014 5/3/2014 402 S H 4 2.31 
2014 5/9/2014 402 S H 4 1.83 
2014 5/22/2014 402 S H 4 0.796 
2014 6/13/2014 402 S H 4 0.323 
2014 7/10/2014 402 S H 4 2.786 
2014 7/29/2014 402 S H 4 1.133 
2014 8/12/2014 402 S H 4 1.007 
2014 9/1/2014 402 S H 4 0.336 
2014 9/13/2014 402 S H 4 0.71 
2014 9/27/2014 402 S H 4 0.569 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2014 10/7/2014 402 S H 4 0.24 
2014 10/14/2014 402 S H 4 0.471 
2014 5/3/2014 101 S L 1 0.473 
2014 5/9/2014 101 S L 1 0.472 
2014 5/22/2014 101 S L 1 0.173 
2014 6/13/2014 101 S L 1 1.04 
2014 7/10/2014 101 S L 1 1.417 
2014 7/29/2014 101 S L 1 1.094 
2014 8/12/2014 101 S L 1 0.283 
2014 9/1/2014 101 S L 1 0.339 
2014 9/13/2014 101 S L 1 0.24 
2014 9/27/2014 101 S L 1 0.115 
2014 10/7/2014 101 S L 1 0.24 
2014 10/14/2014 101 S L 1 0.117 
2014 5/3/2014 202 S L 2 1.96 
2014 5/9/2014 202 S L 2 1.387 
2014 6/13/2014 202 S L 2 1.191 
2014 7/29/2014 202 S L 2 1.111 
2014 8/12/2014 202 S L 2 0.903 
2014 9/1/2014 202 S L 2 0.339 
2014 9/13/2014 202 S L 2 0.716 
2014 9/27/2014 202 S L 2 0.286 
2014 5/3/2014 302 S L 3 2.774 
2014 5/9/2014 302 S L 3 2.868 
2014 5/22/2014 302 S L 3 1.98 
2014 6/13/2014 302 S L 3 0.733 
2014 7/10/2014 302 S L 3 0.368 
2014 7/29/2014 302 S L 3 0.878 
2014 8/12/2014 302 S L 3 0.225 
2014 9/1/2014 302 S L 3 0.338 
2014 9/13/2014 302 S L 3 0.235 
2014 9/27/2014 302 S L 3 0.34 
2014 10/14/2014 302 S L 3 0.35 
2014 5/9/2014 401 S L 4 3.742 
2014 5/22/2014 401 S L 4 1.055 
2014 6/13/2014 401 S L 4 0.919 
2014 7/10/2014 401 S L 4 1.038 
2014 7/29/2014 401 S L 4 1.227 
2014 8/12/2014 401 S L 4 0.454 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2014 9/1/2014 401 S L 4 0 
2014 9/13/2014 401 S L 4 0 
2014 9/27/2014 401 S L 4 0.556 
2014 10/7/2014 401 S L 4 0 
2014 10/14/2014 401 S L 4 0.408 
2014 5/3/2014 102 S M 1 3.099 
2014 5/22/2014 102 S M 1 3.512 
2014 6/13/2014 102 S M 1 1.559 
2014 7/10/2014 102 S M 1 0.625 
2014 7/29/2014 102 S M 1 0.625 
2014 8/12/2014 102 S M 1 0.227 
2014 9/1/2014 102 S M 1 0.056 
2014 9/13/2014 102 S M 1 0.239 
2014 9/27/2014 102 S M 1 0.574 
2014 10/7/2014 102 S M 1 0.181 
2014 10/14/2014 102 S M 1 0.232 
2014 5/9/2014 201 S M 2 0.991 
2014 5/22/2014 201 S M 2 0.111 
2014 6/13/2014 201 S M 2 0.748 
2014 7/10/2014 201 S M 2 1.322 
2014 7/29/2014 201 S M 2 0.48 
2014 8/12/2014 201 S M 2 0.794 
2014 9/1/2014 201 S M 2 0.227 
2014 9/13/2014 201 S M 2 0.479 
2014 9/27/2014 201 S M 2 1.374 
2014 10/7/2014 201 S M 2 1.554 
2014 10/14/2014 201 S M 2 0.225 
2014 5/9/2014 303 S M 3 1.745 
2014 5/22/2014 303 S M 3 1.73 
2014 6/13/2014 303 S M 3 0.528 
2014 7/10/2014 303 S M 3 0.234 
2014 7/29/2014 303 S M 3 2.018 
2014 8/12/2014 303 S M 3 1.287 
2014 9/1/2014 303 S M 3 1.134 
2014 9/13/2014 303 S M 3 1.197 
2014 9/27/2014 303 S M 3 0.34 
2014 10/14/2014 303 S M 3 0.937 
2014 5/3/2014 403 S M 4 1.316 
2014 5/9/2014 403 S M 4 2.52 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2014 5/22/2014 403 S M 4 0.119 
2014 7/10/2014 403 S M 4 0.852 
2014 7/29/2014 403 S M 4 0.173 
2014 8/12/2014 403 S M 4 0.447 
2014 9/1/2014 403 S M 4 0.617 
2014 9/13/2014 403 S M 4 0.236 
2014 9/27/2014 403 S M 4 0.911 
2014 10/14/2014 403 S M 4 0.177 
2014 5/3/2014 103 F H 1 2.164 
2014 5/9/2014 103 F H 1 0.501 
2014 5/22/2014 103 F H 1 0.195 
2014 6/13/2014 103 F H 1 4.685 
2014 7/10/2014 103 F H 1 4.214 
2014 7/29/2014 103 F H 1 0.078 
2014 8/12/2014 103 F H 1 1.129 
2014 9/1/2014 103 F H 1 1.602 
2014 9/13/2014 103 F H 1 1.719 
2014 9/27/2014 103 F H 1 1.606 
2014 10/14/2014 103 F H 1 0.47 
2014 5/9/2014 203 F H 2 0.504 
2014 5/22/2014 203 F H 2 2.229 
2014 6/13/2014 203 F H 2 0.874 
2014 7/10/2014 203 F H 2 2.849 
2014 7/29/2014 203 F H 2 0.455 
2014 8/12/2014 203 F H 2 1.34 
2014 9/1/2014 203 F H 2 1.064 
2014 9/13/2014 203 F H 2 2.263 
2014 9/27/2014 203 F H 2 1.358 
2014 10/7/2014 203 F H 2 1.666 
2014 10/14/2014 203 F H 2 1.63 
2014 5/3/2014 301 F H 3 0.029 
2014 5/9/2014 301 F H 3 3.67 
2014 5/22/2014 301 F H 3 2.83 
2014 6/13/2014 301 F H 3 3.251 
2014 7/10/2014 301 F H 3 1.608 
2014 7/29/2014 301 F H 3 0.515 
2014 9/1/2014 301 F H 3 0.79 
2014 9/13/2014 301 F H 3 2.373 
2014 9/27/2014 301 F H 3 2.573 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2014 10/14/2014 301 F H 3 1.157 
2014 5/3/2014 402 F H 4 2.651 
2014 5/9/2014 402 F H 4 2.764 
2014 6/13/2014 402 F H 4 0.262 
2014 7/10/2014 402 F H 4 2.662 
2014 8/12/2014 402 F H 4 2.491 
2014 9/1/2014 402 F H 4 1.972 
2014 9/13/2014 402 F H 4 2.703 
2014 9/27/2014 402 F H 4 2.041 
2014 10/14/2014 402 F H 4 1.061 
2014 5/3/2014 101 F L 1 2.188 
2014 5/9/2014 101 F L 1 0.675 
2014 5/22/2014 101 F L 1 0.637 
2014 6/13/2014 101 F L 1 3.543 
2014 7/10/2014 101 F L 1 2.731 
2014 7/29/2014 101 F L 1 0.172 
2014 8/12/2014 101 F L 1 0.803 
2014 9/1/2014 101 F L 1 0.231 
2014 9/13/2014 101 F L 1 0.48 
2014 9/27/2014 101 F L 1 0.689 
2014 10/7/2014 101 F L 1 0.722 
2014 10/14/2014 101 F L 1 0.819 
2014 5/3/2014 202 F L 2 4.71 
2014 5/9/2014 202 F L 2 4.499 
2014 5/22/2014 202 F L 2 1.784 
2014 6/13/2014 202 F L 2 2.633 
2014 7/10/2014 202 F L 2 2.845 
2014 7/29/2014 202 F L 2 0.085 
2014 8/12/2014 202 F L 2 1.352 
2014 9/27/2014 202 F L 2 0.69 
2014 10/7/2014 202 F L 2 0.358 
2014 10/14/2014 202 F L 2 0.926 
2014 5/3/2014 302 F L 3 0.662 
2014 5/9/2014 302 F L 3 1.984 
2014 5/22/2014 302 F L 3 2.527 
2014 6/13/2014 302 F L 3 3.363 
2014 7/10/2014 302 F L 3 1.567 
2014 7/29/2014 302 F L 3 0.484 
2014 8/12/2014 302 F L 3 0.892 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2014 9/1/2014 302 F L 3 0.784 
2014 9/13/2014 302 F L 3 1.059 
2014 9/27/2014 302 F L 3 0.565 
2014 10/14/2014 302 F L 3 0.705 
2014 5/3/2014 401 F L 4 1.407 
2014 5/9/2014 401 F L 4 2.487 
2014 5/22/2014 401 F L 4 1.356 
2014 6/13/2014 401 F L 4 1.407 
2014 7/10/2014 401 F L 4 0.336 
2014 7/29/2014 401 F L 4 0.957 
2014 8/12/2014 401 F L 4 0.858 
2014 9/1/2014 401 F L 4 0.171 
2014 9/13/2014 401 F L 4 0.473 
2014 9/27/2014 401 F L 4 1.024 
2014 10/7/2014 401 F L 4 0.954 
2014 10/14/2014 401 F L 4 0.471 
2014 5/3/2014 102 F M 1 0.57 
2014 5/22/2014 102 F M 1 1.283 
2014 6/13/2014 102 F M 1 4.071 
2014 7/29/2014 102 F M 1 0.428 
2014 8/12/2014 102 F M 1 0.614 
2014 9/1/2014 102 F M 1 0 
2014 9/27/2014 102 F M 1 0.697 
2014 10/7/2014 102 F M 1 1.932 
2014 10/14/2014 102 F M 1 0.353 
2014 5/3/2014 201 F M 2 1.805 
2014 5/9/2014 201 F M 2 2.195 
2014 5/22/2014 201 F M 2 0.739 
2014 6/13/2014 201 F M 2 0.892 
2014 7/10/2014 201 F M 2 3.664 
2014 7/29/2014 201 F M 2 0.596 
2014 8/12/2014 201 F M 2 1.798 
2014 9/1/2014 201 F M 2 0.786 
2014 9/13/2014 201 F M 2 1.671 
2014 9/27/2014 201 F M 2 1.51 
2014 10/14/2014 201 F M 2 0.234 
2014 5/3/2014 303 F M 3 1.379 
2014 5/22/2014 303 F M 3 0.796 
2014 6/13/2014 303 F M 3 3.525 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2014 7/29/2014 303 F M 3 1.052 
2014 8/12/2014 303 F M 3 1.987 
2014 9/1/2014 303 F M 3 1.003 
2014 9/13/2014 303 F M 3 1.302 
2014 9/27/2014 303 F M 3 0.455 
2014 10/14/2014 303 F M 3 1.636 
2014 5/3/2014 403 F M 4 2.525 
2014 5/22/2014 403 F M 4 1.884 
2014 6/13/2014 403 F M 4 2.608 
2014 7/10/2014 403 F M 4 3.459 
2014 7/29/2014 403 F M 4 2.927 
2014 8/12/2014 403 F M 4 1.085 
2014 9/1/2014 403 F M 4 0.281 
2014 9/13/2014 403 F M 4 0.712 
2014 9/27/2014 403 F M 4 1.381 
2014 10/14/2014 403 F M 4 0.355 
2015 5/22/2015 103 S H 1 0.695 
2015 5/30/2015 103 S H 1 1.255 
2015 6/4/2015 103 S H 1 1.429 
2015 6/10/2015 103 S H 1 1.816 
2015 6/18/2015 103 S H 1 1.627 
2015 6/25/2015 103 S H 1 1.265 
2015 7/7/2015 103 S H 1 1.761 
2015 7/14/2015 103 S H 1 0.46 
2015 8/11/2015 103 S H 1 1.569 
2015 8/29/2015 103 S H 1 3.229 
2015 9/5/2015 103 S H 1 3.013 
2015 9/9/2015 103 S H 1 1.835 
2015 10/10/2015 103 S H 1 1.241 
2015 5/22/2015 203 S H 2 1.133 
2015 5/30/2015 203 S H 2 1.476 
2015 6/4/2015 203 S H 2 0.357 
2015 6/10/2015 203 S H 2 0.458 
2015 6/18/2015 203 S H 2 1.596 
2015 6/25/2015 203 S H 2 1.242 
2015 7/7/2015 203 S H 2 1.144 
2015 7/30/2015 203 S H 2 2.241 
2015 8/11/2015 203 S H 2 2.852 
2015 8/29/2015 203 S H 2 2.625 
 
 
321 
 
 
 
A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 9/5/2015 203 S H 2 2.991 
2015 9/9/2015 203 S H 2 1.697 
2015 9/26/2015 203 S H 2 1.826 
2015 10/10/2015 203 S H 2 2.622 
2015 5/22/2015 301 S H 3 1.141 
2015 5/30/2015 301 S H 3 0.294 
2015 6/4/2015 301 S H 3 2.138 
2015 6/10/2015 301 S H 3 1.148 
2015 6/18/2015 301 S H 3 1.525 
2015 6/25/2015 301 S H 3 1.814 
2015 7/7/2015 301 S H 3 1.589 
2015 7/14/2015 301 S H 3 1.973 
2015 7/30/2015 301 S H 3 2.241 
2015 8/11/2015 301 S H 3 2.73 
2015 9/5/2015 301 S H 3 2.077 
2015 9/9/2015 301 S H 3 2.831 
2015 9/26/2015 301 S H 3 2.341 
2015 5/22/2015 402 S H 4 2.187 
2015 5/30/2015 402 S H 4 1.052 
2015 6/4/2015 402 S H 4 1.169 
2015 6/10/2015 402 S H 4 0.584 
2015 6/18/2015 402 S H 4 1.638 
2015 6/25/2015 402 S H 4 2.229 
2015 7/7/2015 402 S H 4 2.211 
2015 7/14/2015 402 S H 4 1.546 
2015 7/30/2015 402 S H 4 2.12 
2015 8/11/2015 402 S H 4 2.496 
2015 8/29/2015 402 S H 4 2.967 
2015 9/5/2015 402 S H 4 1.615 
2015 9/9/2015 402 S H 4 1.45 
2015 9/26/2015 402 S H 4 2.506 
2015 10/10/2015 402 S H 4 2.338 
2015 5/22/2015 101 S L 1 0.916 
2015 5/30/2015 101 S L 1 0.179 
2015 6/4/2015 101 S L 1 0.837 
2015 6/10/2015 101 S L 1 0.17 
2015 6/18/2015 101 S L 1 0.146 
2015 6/25/2015 101 S L 1 0.115 
2015 7/7/2015 101 S L 1 0.347 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 7/14/2015 101 S L 1 0.57 
2015 7/30/2015 101 S L 1 1.019 
2015 8/11/2015 101 S L 1 0.514 
2015 8/29/2015 101 S L 1 1.361 
2015 9/5/2015 101 S L 1 1.505 
2015 9/9/2015 101 S L 1 0.592 
2015 9/26/2015 101 S L 1 1.721 
2015 10/10/2015 101 S L 1 1.178 
2015 5/22/2015 202 S L 2 2.457 
2015 5/30/2015 202 S L 2 1.064 
2015 6/10/2015 202 S L 2 0.681 
2015 6/18/2015 202 S L 2 1.235 
2015 6/25/2015 202 S L 2 0.684 
2015 7/7/2015 202 S L 2 0.457 
2015 7/14/2015 202 S L 2 1.202 
2015 7/30/2015 202 S L 2 0.953 
2015 8/11/2015 202 S L 2 0.997 
2015 8/29/2015 202 S L 2 2.387 
2015 9/5/2015 202 S L 2 0.186 
2015 9/9/2015 202 S L 2 0.234 
2015 9/26/2015 202 S L 2 0.796 
2015 10/10/2015 202 S L 2 1.349 
2015 5/22/2015 302 S L 3 1.662 
2015 5/30/2015 302 S L 3 0.71 
2015 6/4/2015 302 S L 3 0.769 
2015 6/10/2015 302 S L 3 0.576 
2015 6/18/2015 302 S L 3 0.619 
2015 6/25/2015 302 S L 3 0.793 
2015 7/7/2015 302 S L 3 1.191 
2015 7/14/2015 302 S L 3 0.547 
2015 7/30/2015 302 S L 3 0.386 
2015 8/11/2015 302 S L 3 1.683 
2015 8/29/2015 302 S L 3 1.053 
2015 9/5/2015 302 S L 3 0.807 
2015 9/9/2015 302 S L 3 1.522 
2015 9/26/2015 302 S L 3 1.82 
2015 10/10/2015 302 S L 3 1.478 
2015 5/22/2015 401 S L 4 0.344 
2015 5/30/2015 401 S L 4 1.637 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 6/4/2015 401 S L 4 1.285 
2015 6/10/2015 401 S L 4 0.117 
2015 6/18/2015 401 S L 4 0.872 
2015 6/25/2015 401 S L 4 0.898 
2015 7/7/2015 401 S L 4 0.676 
2015 7/14/2015 401 S L 4 0.109 
2015 7/30/2015 401 S L 4 0.773 
2015 8/11/2015 401 S L 4 0.206 
2015 8/29/2015 401 S L 4 1.73 
2015 9/5/2015 401 S L 4 1.095 
2015 9/9/2015 401 S L 4 0.459 
2015 9/26/2015 401 S L 4 0.227 
2015 10/10/2015 401 S L 4 1.529 
2015 5/22/2015 102 S M 1 1.267 
2015 5/30/2015 102 S M 1 1.425 
2015 6/10/2015 102 S M 1 1.253 
2015 6/18/2015 102 S M 1 2.089 
2015 6/25/2015 102 S M 1 1.554 
2015 7/7/2015 102 S M 1 1.34 
2015 7/14/2015 102 S M 1 0.572 
2015 7/30/2015 102 S M 1 1.071 
2015 8/11/2015 102 S M 1 2.2 
2015 8/29/2015 102 S M 1 1.381 
2015 9/5/2015 102 S M 1 1.85 
2015 9/9/2015 102 S M 1 1.405 
2015 10/10/2015 102 S M 1 1.894 
2015 5/22/2015 201 S M 2 0.914 
2015 5/30/2015 201 S M 2 0.714 
2015 6/10/2015 201 S M 2 1.358 
2015 6/18/2015 201 S M 2 1.63 
2015 6/25/2015 201 S M 2 1.478 
2015 7/7/2015 201 S M 2 0.983 
2015 7/30/2015 201 S M 2 1.569 
2015 8/11/2015 201 S M 2 1.302 
2015 8/29/2015 201 S M 2 2.523 
2015 9/5/2015 201 S M 2 2.073 
2015 9/9/2015 201 S M 2 1.407 
2015 9/26/2015 201 S M 2 0.114 
2015 10/10/2015 201 S M 2 2.396 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 5/22/2015 303 S M 3 0.914 
2015 5/30/2015 303 S M 3 1.294 
2015 6/4/2015 303 S M 3 2.283 
2015 6/10/2015 303 S M 3 0.579 
2015 6/18/2015 303 S M 3 2.166 
2015 6/25/2015 303 S M 3 1.585 
2015 7/7/2015 303 S M 3 1.834 
2015 7/14/2015 303 S M 3 2.101 
2015 7/30/2015 303 S M 3 1.538 
2015 8/11/2015 303 S M 3 3.126 
2015 8/29/2015 303 S M 3 2.955 
2015 9/5/2015 303 S M 3 1.208 
2015 9/9/2015 303 S M 3 1.568 
2015 9/26/2015 303 S M 3 1.594 
2015 10/10/2015 303 S M 3 0.771 
2015 5/22/2015 403 S M 4 1.822 
2015 5/30/2015 403 S M 4 0.531 
2015 6/4/2015 403 S M 4 0 
2015 6/10/2015 403 S M 4 0.233 
2015 6/18/2015 403 S M 4 1.406 
2015 6/25/2015 403 S M 4 1.129 
2015 7/7/2015 403 S M 4 1.252 
2015 7/14/2015 403 S M 4 1.586 
2015 7/30/2015 403 S M 4 1.998 
2015 8/11/2015 403 S M 4 2.424 
2015 8/29/2015 403 S M 4 3.254 
2015 9/5/2015 403 S M 4 1.092 
2015 9/9/2015 403 S M 4 1.046 
2015 9/26/2015 403 S M 4 2.757 
2015 10/10/2015 403 S M 4 2.672 
2015 5/22/2015 103 F H 1 0.575 
2015 5/30/2015 103 F H 1 1.79 
2015 6/4/2015 103 F H 1 1.196 
2015 6/10/2015 103 F H 1 1.213 
2015 6/18/2015 103 F H 1 1.516 
2015 6/25/2015 103 F H 1 6.611 
2015 7/7/2015 103 F H 1 1.989 
2015 7/14/2015 103 F H 1 1.029 
2015 8/29/2015 103 F H 1 3.37 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 9/5/2015 103 F H 1 3.127 
2015 9/9/2015 103 F H 1 1.901 
2015 9/26/2015 103 F H 1 3.472 
2015 10/10/2015 103 F H 1 3.137 
2015 5/22/2015 203 F H 2 0.571 
2015 5/30/2015 203 F H 2 2.703 
2015 6/4/2015 203 F H 2 2.821 
2015 6/10/2015 203 F H 2 1.604 
2015 6/18/2015 203 F H 2 1.821 
2015 6/25/2015 203 F H 2 1.815 
2015 7/7/2015 203 F H 2 1.723 
2015 7/30/2015 203 F H 2 2.254 
2015 8/11/2015 203 F H 2 3.827 
2015 8/29/2015 203 F H 2 4.033 
2015 9/5/2015 203 F H 2 2.759 
2015 9/9/2015 203 F H 2 2.996 
2015 9/26/2015 203 F H 2 2.405 
2015 10/10/2015 203 F H 2 2.99 
2015 5/22/2015 301 F H 3 2.626 
2015 5/30/2015 301 F H 3 0.938 
2015 6/10/2015 301 F H 3 1.492 
2015 6/18/2015 301 F H 3 2.586 
2015 6/25/2015 301 F H 3 2.668 
2015 7/7/2015 301 F H 3 2.102 
2015 7/14/2015 301 F H 3 3.535 
2015 7/30/2015 301 F H 3 3.11 
2015 8/11/2015 301 F H 3 2.963 
2015 8/29/2015 301 F H 3 3.656 
2015 9/5/2015 301 F H 3 3.567 
2015 9/9/2015 301 F H 3 3.405 
2015 9/26/2015 301 F H 3 3.065 
2015 10/10/2015 301 F H 3 2.058 
2015 5/22/2015 402 F H 4 3.212 
2015 5/30/2015 402 F H 4 1.879 
2015 6/4/2015 402 F H 4 1.173 
2015 6/10/2015 402 F H 4 1.285 
2015 6/18/2015 402 F H 4 2.633 
2015 6/25/2015 402 F H 4 3.957 
2015 7/7/2015 402 F H 4 3.383 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 7/14/2015 402 F H 4 2.082 
2015 7/30/2015 402 F H 4 2.575 
2015 8/11/2015 402 F H 4 2.227 
2015 8/29/2015 402 F H 4 3.596 
2015 9/5/2015 402 F H 4 2.074 
2015 9/9/2015 402 F H 4 2.428 
2015 9/26/2015 402 F H 4 3.184 
2015 10/10/2015 402 F H 4 2.43 
2015 5/22/2015 101 F L 1 0.925 
2015 5/30/2015 101 F L 1 0 
2015 6/4/2015 101 F L 1 1.183 
2015 6/10/2015 101 F L 1 0.857 
2015 6/18/2015 101 F L 1 0.11 
2015 6/25/2015 101 F L 1 0.689 
2015 7/7/2015 101 F L 1 1.463 
2015 7/14/2015 101 F L 1 1.737 
2015 7/30/2015 101 F L 1 1.479 
2015 8/11/2015 101 F L 1 2.719 
2015 9/5/2015 101 F L 1 2.085 
2015 9/9/2015 101 F L 1 1.434 
2015 9/26/2015 101 F L 1 2.657 
2015 10/10/2015 101 F L 1 1.148 
2015 5/22/2015 202 F L 2 0.455 
2015 5/30/2015 202 F L 2 1.121 
2015 6/4/2015 202 F L 2 1.358 
2015 6/10/2015 202 F L 2 0.685 
2015 6/18/2015 202 F L 2 2.177 
2015 6/25/2015 202 F L 2 1.317 
2015 7/7/2015 202 F L 2 0.815 
2015 7/14/2015 202 F L 2 1.93 
2015 7/30/2015 202 F L 2 1.225 
2015 8/11/2015 202 F L 2 2.365 
2015 8/29/2015 202 F L 2 2.835 
2015 9/5/2015 202 F L 2 0.919 
2015 9/9/2015 202 F L 2 0.886 
2015 9/26/2015 202 F L 2 1.149 
2015 10/10/2015 202 F L 2 2.225 
2015 5/30/2015 302 F L 3 1.359 
2015 6/4/2015 302 F L 3 1.065 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 6/10/2015 302 F L 3 0.926 
2015 6/18/2015 302 F L 3 0.607 
2015 6/25/2015 302 F L 3 2.115 
2015 7/7/2015 302 F L 3 2.1 
2015 7/14/2015 302 F L 3 0.274 
2015 7/30/2015 302 F L 3 1.109 
2015 8/11/2015 302 F L 3 1.927 
2015 8/29/2015 302 F L 3 1.308 
2015 9/5/2015 302 F L 3 2.181 
2015 9/9/2015 302 F L 3 1.87 
2015 9/26/2015 302 F L 3 1.251 
2015 10/10/2015 302 F L 3 1.665 
2015 5/22/2015 401 F L 4 1.207 
2015 5/30/2015 401 F L 4 0.118 
2015 6/4/2015 401 F L 4 0.118 
2015 6/10/2015 401 F L 4 0.583 
2015 6/18/2015 401 F L 4 1.492 
2015 6/25/2015 401 F L 4 0.901 
2015 7/7/2015 401 F L 4 1.009 
2015 7/14/2015 401 F L 4 1.366 
2015 7/30/2015 401 F L 4 2.448 
2015 8/11/2015 401 F L 4 0.967 
2015 8/29/2015 401 F L 4 2.506 
2015 9/5/2015 401 F L 4 1.268 
2015 9/9/2015 401 F L 4 0.863 
2015 9/26/2015 401 F L 4 0.398 
2015 10/10/2015 401 F L 4 2.944 
2015 5/22/2015 102 F M 1 1.833 
2015 5/30/2015 102 F M 1 1.548 
2015 6/4/2015 102 F M 1 0.952 
2015 6/10/2015 102 F M 1 0.687 
2015 6/18/2015 102 F M 1 2.013 
2015 6/25/2015 102 F M 1 1.609 
2015 7/7/2015 102 F M 1 1.409 
2015 7/14/2015 102 F M 1 0.344 
2015 7/30/2015 102 F M 1 1.828 
2015 8/11/2015 102 F M 1 3.263 
2015 9/5/2015 102 F M 1 2.26 
2015 9/9/2015 102 F M 1 2.554 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 9/26/2015 102 F M 1 2.078 
2015 10/10/2015 102 F M 1 2.015 
2015 5/22/2015 201 F M 2 1.381 
2015 5/30/2015 201 F M 2 1.749 
2015 6/4/2015 201 F M 2 0.471 
2015 6/10/2015 201 F M 2 0.45 
2015 6/18/2015 201 F M 2 2.41 
2015 6/25/2015 201 F M 2 2.319 
2015 7/7/2015 201 F M 2 2.156 
2015 7/14/2015 201 F M 2 1.347 
2015 7/30/2015 201 F M 2 2.03 
2015 8/11/2015 201 F M 2 2.253 
2015 8/29/2015 201 F M 2 3.59 
2015 9/5/2015 201 F M 2 2.911 
2015 9/9/2015 201 F M 2 2.463 
2015 9/26/2015 201 F M 2 2.069 
2015 10/10/2015 201 F M 2 2.82 
2015 5/22/2015 303 F M 3 2.603 
2015 5/30/2015 303 F M 3 0.409 
2015 6/4/2015 303 F M 3 1.168 
2015 6/10/2015 303 F M 3 1.099 
2015 6/18/2015 303 F M 3 2.33 
2015 6/25/2015 303 F M 3 2.664 
2015 7/7/2015 303 F M 3 2.152 
2015 7/14/2015 303 F M 3 1.098 
2015 7/30/2015 303 F M 3 1.224 
2015 8/29/2015 303 F M 3 2.795 
2015 9/5/2015 303 F M 3 2.321 
2015 9/9/2015 303 F M 3 2.39 
2015 9/26/2015 303 F M 3 3.014 
2015 10/10/2015 303 F M 3 2.158 
2015 5/22/2015 403 F M 4 1.833 
2015 5/30/2015 403 F M 4 1.24 
2015 6/4/2015 403 F M 4 0.53 
2015 6/10/2015 403 F M 4 1.639 
2015 6/18/2015 403 F M 4 2.655 
2015 6/25/2015 403 F M 4 2.079 
2015 7/7/2015 403 F M 4 1.825 
2015 7/14/2015 403 F M 4 2.218 
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A3.1. Cont’d 
Year Date Plot POS NRT REP N2O 
g ha-1 d-1 
2015 7/30/2015 403 F M 4 1.017 
2015 8/29/2015 403 F M 4 3.223 
2015 9/5/2015 403 F M 4 1.834 
2015 9/9/2015 403 F M 4 2.678 
2015 9/26/2015 403 F M 4 3.639 
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A3.2. Nitrate (NO3) leaching in soils (mg L
-1) from 2009 to 2015 under switchgrass 
managed with high, medium, and low N rates at the shoulder, backslope, and footslope 
positions for Chapter 5. POS, position; S, shoulder; B, backslope; F, footslope; NRT, N 
rate; L, low; M, medium; H, high; REP, replication. 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2009 8/4/2009 103 B H 1 0.082 
2009 9/1/2009 103 B H 1 0.584 
2009 8/4/2009 203 B H 2 1.930 
2009 9/1/2009 203 B H 2 2.520 
2009 10/8/2009 203 B H 2 3.307 
2009 10/8/2009 301 B H 3 2.337 
2009 8/4/2009 301 B H 3 13.300 
2009 8/4/2009 402 B H 4 0.772 
2009 10/8/2009 402 B H 4 1.887 
2009 10/8/2009 101 B L 1 3.167 
2009 8/4/2009 101 B L 1 4.180 
2009 9/1/2009 101 B L 1 5.050 
2009 10/8/2009 202 B L 2 0.867 
2009 9/1/2009 202 B L 2 3.550 
2009 8/4/2009 202 B L 2 4.540 
2009 8/4/2009 302 B L 3 1.960 
2009 10/8/2009 302 B L 3 2.647 
2009 9/1/2009 302 B L 3 3.190 
2009 10/8/2009 401 B L 4 2.877 
2009 9/1/2009 401 B L 4 6.310 
2009 8/4/2009 401 B L 4 7.040 
2009 10/8/2009 103 F H 1 4.327 
2009 8/4/2009 103 F H 1 4.860 
2009 9/1/2009 103 F H 1 5.080 
2009 10/8/2009 203 F H 2 4.237 
2009 9/1/2009 203 F H 2 4.870 
2009 8/4/2009 203 F H 2 6.770 
2009 10/8/2009 301 F H 3 0.535 
2009 9/1/2009 301 F H 3 6.480 
2009 8/4/2009 301 F H 3 15.400 
2009 10/8/2009 402 F H 4 0.541 
2009 8/4/2009 402 F H 4 1.490 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2009 9/1/2009 402 F H 4 2.120 
2009 10/8/2009 101 F L 1 3.467 
2009 8/4/2009 101 F L 1 3.770 
2009 9/1/2009 101 F L 1 3.800 
2009 10/8/2009 202 F L 2 9.747 
2009 8/4/2009 202 F L 2 13.200 
2009 10/8/2009 302 F L 3 2.547 
2009 9/1/2009 302 F L 3 6.580 
2009 8/4/2009 302 F L 3 9.160 
2009 9/1/2009 401 F L 4 5.780 
2009 8/4/2009 401 F L 4 6.100 
2009 10/8/2009 401 F L 4 6.837 
2009 10/8/2009 103 S H 1 1.427 
2009 8/4/2009 103 S H 1 2.170 
2009 9/1/2009 103 S H 1 3.980 
2009 9/1/2009 203 S H 2 0.937 
2009 9/1/2009 301 S H 3 0.119 
2009 10/8/2009 301 S H 3 0.252 
2009 8/4/2009 301 S H 3 7.010 
2009 10/8/2009 402 S H 4 1.837 
2009 8/4/2009 101 S L 1 0.010 
2009 9/1/2009 101 S L 1 2.480 
2009 10/8/2009 101 S L 1 3.397 
2009 10/8/2009 202 S L 2 0.055 
2009 9/1/2009 202 S L 2 0.913 
2009 8/4/2009 202 S L 2 1.190 
2009 10/8/2009 302 S L 3 5.727 
2009 8/4/2009 401 S L 4 1.090 
2009 9/1/2009 401 S L 4 2.000 
2009 10/8/2009 401 S L 4 2.787 
2010 7/1/2010 103 B H 1 0.181 
2010 6/1/2010 103 B H 1 0.224 
2010 11/11/2010 103 B H 1 0.280 
2010 6/9/2010 103 B H 1 0.436 
2010 10/8/2010 103 B H 1 0.826 
2010 9/3/2010 103 B H 1 2.325 
2010 10/8/2010 203 B H 2 0.378 
2010 11/11/2010 203 B H 2 0.714 
2010 9/3/2010 203 B H 2 1.092 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2010 7/1/2010 203 B H 2 1.320 
2010 6/9/2010 203 B H 2 1.930 
2010 6/1/2010 203 B H 2 2.069 
2010 10/8/2010 301 B H 3 0.518 
2010 6/1/2010 301 B H 3 0.610 
2010 11/11/2010 301 B H 3 0.924 
2010 6/9/2010 301 B H 3 1.160 
2010 7/1/2010 301 B H 3 9.460 
2010 11/11/2010 402 B H 4 0.924 
2010 7/1/2010 402 B H 4 1.710 
2010 6/9/2010 402 B H 4 1.920 
2010 9/3/2010 402 B H 4 1.975 
2010 6/1/2010 402 B H 4 2.029 
2010 10/8/2010 101 B L 1 0.182 
2010 6/1/2010 101 B L 1 0.593 
2010 6/9/2010 101 B L 1 0.829 
2010 9/3/2010 101 B L 1 0.924 
2010 11/11/2010 101 B L 1 1.177 
2010 7/1/2010 101 B L 1 1.190 
2010 11/11/2010 202 B L 2 0.224 
2010 10/8/2010 202 B L 2 0.266 
2010 9/3/2010 202 B L 2 2.633 
2010 7/1/2010 202 B L 2 6.030 
2010 6/1/2010 202 B L 2 6.039 
2010 6/9/2010 202 B L 2 6.720 
2010 10/8/2010 302 B L 3 0.210 
2010 9/3/2010 302 B L 3 0.644 
2010 6/1/2010 302 B L 3 1.069 
2010 6/9/2010 302 B L 3 1.120 
2010 7/1/2010 302 B L 3 1.150 
2010 11/11/2010 302 B L 3 2.648 
2010 7/1/2010 401 B L 4 0.289 
2010 6/9/2010 401 B L 4 1.270 
2010 6/9/2010 102 B M 1 0.421 
2010 6/1/2010 102 B M 1 0.989 
2010 9/3/2010 102 B M 1 1.429 
2010 11/11/2010 102 B M 1 1.989 
2010 11/11/2010 201 B M 2 0.140 
2010 10/8/2010 201 B M 2 0.210 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2010 6/9/2010 201 B M 2 1.040 
2010 9/3/2010 201 B M 2 3.405 
2010 7/1/2010 201 B M 2 3.620 
2010 10/8/2010 303 B M 3 0.168 
2010 7/1/2010 303 B M 3 0.839 
2010 11/11/2010 303 B M 3 1.293 
2010 11/11/2010 403 B M 4 0.028 
2010 10/8/2010 403 B M 4 0.154 
2010 9/3/2010 403 B M 4 0.700 
2010 7/1/2010 403 B M 4 1.180 
2010 7/1/2010 103 F H 1 1.220 
2010 9/3/2010 103 F H 1 4.342 
2010 11/11/2010 103 F H 1 5.042 
2010 6/9/2010 103 F H 1 5.310 
2010 6/1/2010 103 F H 1 5.399 
2010 10/8/2010 103 F H 1 6.261 
2010 11/11/2010 203 F H 2 1.597 
2010 6/1/2010 203 F H 2 2.489 
2010 6/9/2010 203 F H 2 3.060 
2010 9/3/2010 203 F H 2 4.762 
2010 10/8/2010 203 F H 2 6.107 
2010 7/1/2010 203 F H 2 9.080 
2010 6/1/2010 301 F H 3 0.153 
2010 6/9/2010 301 F H 3 0.320 
2010 7/1/2010 301 F H 3 0.501 
2010 10/8/2010 301 F H 3 0.658 
2010 6/9/2010 402 F H 4 0.100 
2010 6/1/2010 402 F H 4 0.137 
2010 7/1/2010 402 F H 4 0.378 
2010 11/11/2010 402 F H 4 0.560 
2010 10/8/2010 402 F H 4 0.602 
2010 9/3/2010 402 F H 4 2.605 
2010 7/1/2010 101 F L 1 0.335 
2010 6/9/2010 101 F L 1 1.150 
2010 10/8/2010 101 F L 1 1.247 
2010 9/3/2010 101 F L 1 1.485 
2010 11/11/2010 101 F L 1 1.765 
2010 6/1/2010 101 F L 1 1.869 
2010 11/11/2010 202 F L 2 6.387 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2010 7/1/2010 202 F L 2 11.660 
2010 6/9/2010 202 F L 2 11.760 
2010 10/8/2010 202 F L 2 13.264 
2010 6/1/2010 202 F L 2 13.689 
2010 9/3/2010 202 F L 2 14.146 
2010 7/1/2010 302 F L 3 0.048 
2010 6/9/2010 302 F L 3 0.115 
2010 6/1/2010 302 F L 3 0.287 
2010 11/11/2010 302 F L 3 0.350 
2010 10/8/2010 302 F L 3 0.882 
2010 10/8/2010 401 F L 4 0.182 
2010 11/11/2010 401 F L 4 0.196 
2010 7/1/2010 401 F L 4 7.460 
2010 6/9/2010 401 F L 4 8.210 
2010 9/3/2010 401 F L 4 8.320 
2010 6/1/2010 401 F L 4 8.329 
2010 10/8/2010 102 F M 1 0.028 
2010 9/3/2010 102 F M 1 0.420 
2010 6/9/2010 102 F M 1 0.448 
2010 6/1/2010 102 F M 1 0.520 
2010 7/1/2010 102 F M 1 2.060 
2010 7/1/2010 201 F M 2 0.072 
2010 10/8/2010 201 F M 2 0.098 
2010 11/11/2010 201 F M 2 0.280 
2010 9/3/2010 201 F M 2 0.420 
2010 6/9/2010 201 F M 2 0.423 
2010 6/1/2010 201 F M 2 1.509 
2010 11/11/2010 303 F M 3 0.151 
2010 7/1/2010 303 F M 3 0.683 
2010 9/3/2010 303 F M 3 0.812 
2010 10/8/2010 303 F M 3 2.283 
2010 6/9/2010 303 F M 3 4.560 
2010 10/8/2010 403 F M 4 0.098 
2010 7/1/2010 403 F M 4 0.127 
2010 9/3/2010 403 F M 4 0.196 
2010 11/11/2010 403 F M 4 0.224 
2010 6/9/2010 403 F M 4 0.250 
2010 6/1/2010 403 F M 4 0.433 
2010 11/11/2010 103 S H 1 0.952 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2010 7/1/2010 103 S H 1 1.230 
2010 10/8/2010 103 S H 1 1.751 
2010 6/1/2010 103 S H 1 1.869 
2010 6/9/2010 103 S H 1 1.890 
2010 9/3/2010 103 S H 1 2.381 
2010 11/11/2010 203 S H 2 0.196 
2010 10/8/2010 203 S H 2 0.714 
2010 7/1/2010 203 S H 2 1.670 
2010 6/9/2010 203 S H 2 2.330 
2010 6/1/2010 203 S H 2 2.919 
2010 9/3/2010 203 S H 2 5.266 
2010 10/8/2010 301 S H 3 0.126 
2010 11/11/2010 301 S H 3 0.274 
2010 9/3/2010 301 S H 3 0.308 
2010 10/8/2010 402 S H 4 0.098 
2010 10/8/2010 101 S L 1 0.210 
2010 7/1/2010 101 S L 1 0.685 
2010 6/9/2010 101 S L 1 0.935 
2010 6/1/2010 101 S L 1 1.039 
2010 9/3/2010 101 S L 1 4.846 
2010 10/8/2010 202 S L 2 0.014 
2010 11/11/2010 202 S L 2 0.126 
2010 7/1/2010 202 S L 2 0.295 
2010 9/3/2010 202 S L 2 0.392 
2010 6/1/2010 202 S L 2 0.759 
2010 6/9/2010 202 S L 2 1.050 
2010 10/8/2010 302 S L 3 0.322 
2010 7/1/2010 302 S L 3 0.799 
2010 9/3/2010 302 S L 3 1.205 
2010 6/9/2010 302 S L 3 3.070 
2010 6/1/2010 302 S L 3 3.979 
2010 11/11/2010 302 S L 3 10.505 
2010 10/8/2010 401 S L 4 0.084 
2010 9/3/2010 401 S L 4 0.168 
2010 7/1/2010 401 S L 4 0.764 
2010 6/1/2010 102 S M 1 0.026 
2010 10/8/2010 102 S M 1 0.098 
2010 9/3/2010 102 S M 1 0.364 
2010 7/1/2010 102 S M 1 0.729 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2010 6/9/2010 102 S M 1 0.940 
2010 10/8/2010 201 S M 2 0.042 
2010 7/1/2010 201 S M 2 0.264 
2010 11/11/2010 201 S M 2 0.364 
2010 9/3/2010 201 S M 2 0.420 
2010 10/8/2010 303 S M 3 0.098 
2010 7/1/2010 303 S M 3 0.240 
2010 9/3/2010 303 S M 3 0.420 
2010 11/11/2010 303 S M 3 1.514 
2010 6/9/2010 303 S M 3 1.530 
2010 9/3/2010 403 S M 4 0.336 
2010 7/1/2010 403 S M 4 0.848 
2010 6/9/2010 403 S M 4 1.140 
2011 5/26/2011 103 B H 1 0.117 
2011 6/24/2011 103 B H 1 0.252 
2011 7/8/2011 103 B H 1 0.336 
2011 8/5/2011 103 B H 1 1.401 
2011 7/8/2011 203 B H 2 1.205 
2011 8/5/2011 203 B H 2 1.233 
2011 7/8/2011 301 B H 3 0.252 
2011 5/26/2011 301 B H 3 0.280 
2011 6/24/2011 301 B H 3 0.616 
2011 8/5/2011 301 B H 3 1.639 
2011 5/26/2011 402 B H 4 0.070 
2011 6/24/2011 402 B H 4 0.230 
2011 7/8/2011 402 B H 4 0.238 
2011 6/24/2011 101 B L 1 0.182 
2011 5/26/2011 101 B L 1 0.196 
2011 7/8/2011 101 B L 1 0.392 
2011 8/5/2011 101 B L 1 1.064 
2011 5/26/2011 202 B L 2 0.120 
2011 6/24/2011 202 B L 2 0.230 
2011 7/8/2011 202 B L 2 0.448 
2011 8/5/2011 202 B L 2 1.373 
2011 5/26/2011 302 B L 3 0.120 
2011 6/24/2011 302 B L 3 0.230 
2011 7/8/2011 302 B L 3 0.788 
2011 8/5/2011 302 B L 3 2.801 
2011 6/24/2011 401 B L 4 0.014 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2011 5/26/2011 401 B L 4 0.056 
2011 8/5/2011 401 B L 4 0.280 
2011 7/8/2011 401 B L 4 0.308 
2011 5/26/2011 102 B M 1 0.120 
2011 6/24/2011 102 B M 1 0.230 
2011 7/8/2011 102 B M 1 0.336 
2011 8/5/2011 102 B M 1 1.177 
2011 5/26/2011 201 B M 2 0.120 
2011 6/24/2011 201 B M 2 0.230 
2011 7/8/2011 201 B M 2 0.336 
2011 8/5/2011 201 B M 2 1.513 
2011 6/24/2011 303 B M 3 0.098 
2011 5/26/2011 303 B M 3 0.196 
2011 7/8/2011 303 B M 3 0.420 
2011 8/5/2011 303 B M 3 1.387 
2011 5/26/2011 403 B M 4 0.028 
2011 6/24/2011 403 B M 4 0.230 
2011 7/8/2011 403 B M 4 0.238 
2011 8/5/2011 403 B M 4 0.336 
2011 6/24/2011 103 F H 1 2.311 
2011 7/8/2011 103 F H 1 2.451 
2011 5/26/2011 103 F H 1 2.801 
2011 8/5/2011 103 F H 1 4.006 
2011 8/5/2011 203 F H 2 1.247 
2011 6/24/2011 301 F H 3 0.336 
2011 7/8/2011 301 F H 3 0.336 
2011 5/26/2011 301 F H 3 0.364 
2011 8/5/2011 301 F H 3 1.233 
2011 5/26/2011 402 F H 4 0.140 
2011 7/8/2011 402 F H 4 0.547 
2011 6/24/2011 101 F L 1 0.798 
2011 7/8/2011 101 F L 1 0.826 
2011 5/26/2011 101 F L 1 0.896 
2011 8/5/2011 101 F L 1 1.233 
2011 6/24/2011 202 F L 2 2.171 
2011 5/26/2011 202 F L 2 2.227 
2011 8/5/2011 202 F L 2 8.628 
2011 7/8/2011 302 F L 3 0.308 
2011 5/26/2011 302 F L 3 0.690 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2011 6/24/2011 302 F L 3 0.690 
2011 8/5/2011 302 F L 3 1.401 
2011 5/26/2011 401 F L 4 0.028 
2011 7/8/2011 401 F L 4 0.210 
2011 8/5/2011 401 F L 4 0.336 
2011 6/24/2011 401 F L 4 0.690 
2011 8/5/2011 102 F M 1 0.952 
2011 7/8/2011 201 F M 2 0.266 
2011 5/26/2011 201 F M 2 0.690 
2011 6/24/2011 201 F M 2 0.690 
2011 8/5/2011 201 F M 2 1.443 
2011 5/26/2011 303 F M 3 0.111 
2011 6/24/2011 303 F M 3 0.126 
2011 7/8/2011 303 F M 3 0.350 
2011 8/5/2011 303 F M 3 1.148 
2011 7/8/2011 403 F M 4 0.252 
2011 5/26/2011 403 F M 4 0.690 
2011 6/24/2011 403 F M 4 0.690 
2011 5/26/2011 103 S H 1 0.168 
2011 6/24/2011 103 S H 1 0.322 
2011 7/8/2011 103 S H 1 0.644 
2011 8/5/2011 103 S H 1 1.625 
2011 5/26/2011 203 S H 2 0.080 
2011 6/24/2011 203 S H 2 0.210 
2011 7/8/2011 203 S H 2 0.588 
2011 8/5/2011 203 S H 2 1.485 
2011 5/26/2011 301 S H 3 0.080 
2011 6/24/2011 301 S H 3 0.210 
2011 7/8/2011 301 S H 3 0.532 
2011 8/5/2011 301 S H 3 1.415 
2011 5/26/2011 402 S H 4 0.080 
2011 8/5/2011 402 S H 4 0.140 
2011 6/24/2011 402 S H 4 0.210 
2011 7/8/2011 402 S H 4 0.392 
2011 5/26/2011 101 S L 1 0.154 
2011 6/24/2011 101 S L 1 0.210 
2011 7/8/2011 101 S L 1 0.436 
2011 8/5/2011 101 S L 1 1.597 
2011 5/26/2011 202 S L 2 0.080 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2011 6/24/2011 202 S L 2 0.210 
2011 7/8/2011 202 S L 2 0.364 
2011 8/5/2011 202 S L 2 1.162 
2011 5/26/2011 302 S L 3 0.042 
2011 6/24/2011 302 S L 3 0.238 
2011 7/8/2011 302 S L 3 0.252 
2011 8/5/2011 302 S L 3 1.233 
2011 5/26/2011 401 S L 4 0.044 
2011 6/24/2011 401 S L 4 0.126 
2011 7/8/2011 401 S L 4 0.490 
2011 5/26/2011 102 S M 1 0.014 
2011 6/24/2011 102 S M 1 0.154 
2011 7/8/2011 102 S M 1 0.434 
2011 8/5/2011 102 S M 1 1.177 
2011 5/26/2011 201 S M 2 0.084 
2011 6/24/2011 201 S M 2 0.210 
2011 7/8/2011 201 S M 2 0.280 
2011 8/5/2011 201 S M 2 1.373 
2011 5/26/2011 303 S M 3 0.080 
2011 6/24/2011 303 S M 3 0.210 
2011 7/8/2011 303 S M 3 0.700 
2011 8/5/2011 303 S M 3 1.891 
2011 5/26/2011 403 S M 4 0.080 
2011 6/24/2011 403 S M 4 0.210 
2011 7/8/2011 403 S M 4 0.584 
2013 11/16/2013 101 B L 1 0.050 
2013 8/14/2013 101 B L 1 4.200 
2013 8/14/2013 102 B M 1 0.050 
2013 11/16/2013 102 B M 1 0.050 
2013 11/16/2013 403 B M 4 0.050 
2013 8/14/2013 101 F L 1 0.090 
2013 11/16/2013 101 F L 1 0.090 
2013 11/16/2013 302 F L 3 0.090 
2013 8/14/2013 401 F L 4 0.090 
2013 11/16/2013 401 F L 4 0.090 
2013 11/16/2013 303 F M 3 0.090 
2013 11/16/2013 301 S H 3 0.030 
2013 11/16/2013 302 S L 3 0.030 
2013 8/14/2013 401 S L 4 0.030 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2013 11/16/2013 303 S M 3 0.030 
2014 3/13/2014 203 B H 2 0.050 
2014 7/11/2014 301 B H 3 0.290 
2014 3/13/2014 301 B H 3 0.452 
2014 7/11/2014 402 B H 4 0.050 
2014 7/11/2014 101 B L 1 0.050 
2014 9/19/2014 101 B L 1 0.050 
2014 10/16/2014 101 B L 1 0.050 
2014 3/13/2014 101 B L 1 0.274 
2014 3/13/2014 202 B L 2 0.050 
2014 7/11/2014 202 B L 2 0.050 
2014 9/19/2014 202 B L 2 0.303 
2014 3/13/2014 302 B L 3 0.282 
2014 3/13/2014 401 B L 4 0.271 
2014 7/11/2014 401 B L 4 0.282 
2014 10/16/2014 401 B L 4 0.301 
2014 9/19/2014 401 B L 4 0.367 
2014 3/13/2014 102 B M 1 0.050 
2014 10/16/2014 102 B M 1 0.050 
2014 3/13/2014 303 B M 3 0.308 
2014 7/11/2014 403 B M 4 0.271 
2014 3/13/2014 403 B M 4 0.291 
2014 7/11/2014 103 F H 1 0.090 
2014 9/19/2014 103 F H 1 0.270 
2014 10/16/2014 103 F H 1 0.272 
2014 3/13/2014 103 F H 1 0.275 
2014 9/19/2014 101 F L 1 0.090 
2014 3/13/2014 101 F L 1 0.278 
2014 7/11/2014 101 F L 1 0.364 
2014 3/13/2014 202 F L 2 0.050 
2014 9/19/2014 202 F L 2 0.090 
2014 7/11/2014 202 F L 2 0.281 
2014 3/13/2014 302 F L 3 0.306 
2014 7/11/2014 302 F L 3 0.449 
2014 3/13/2014 401 F L 4 0.050 
2014 9/19/2014 401 F L 4 0.263 
2014 10/16/2014 401 F L 4 0.267 
2014 5/22/2014 401 F L 4 0.335 
2014 7/11/2014 201 F M 2 0.090 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2014 9/19/2014 201 F M 2 0.267 
2014 3/13/2014 201 F M 2 0.278 
2014 5/22/2014 303 F M 3 0.274 
2014 3/13/2014 303 F M 3 0.290 
2014 7/11/2014 403 F M 4 0.090 
2014 3/13/2014 403 F M 4 0.287 
2014 3/13/2014 103 S H 1 0.030 
2014 7/11/2014 103 S H 1 0.030 
2014 10/16/2014 103 S H 1 1.750 
2014 3/13/2014 301 S H 3 0.050 
2014 7/11/2014 301 S H 3 0.428 
2014 7/11/2014 402 S H 4 0.030 
2014 3/13/2014 402 S H 4 0.050 
2014 9/19/2014 402 S H 4 0.460 
2014 9/19/2014 101 S L 1 0.030 
2014 7/11/2014 101 S L 1 0.278 
2014 3/13/2014 101 S L 1 0.287 
2014 3/13/2014 202 S L 2 0.286 
2014 7/11/2014 202 S L 2 0.288 
2014 7/11/2014 302 S L 3 0.272 
2014 5/22/2014 302 S L 3 0.276 
2014 9/19/2014 302 S L 3 0.279 
2014 10/16/2014 302 S L 3 0.286 
2014 3/13/2014 302 S L 3 0.294 
2014 3/13/2014 401 S L 4 0.050 
2014 7/11/2014 401 S L 4 0.050 
2014 9/19/2014 401 S L 4 0.269 
2014 5/22/2014 401 S L 4 0.341 
2014 3/13/2014 102 S M 1 0.030 
2014 7/11/2014 102 S M 1 0.030 
2014 9/19/2014 102 S M 1 0.030 
2014 3/13/2014 201 S M 2 0.030 
2014 7/11/2014 201 S M 2 0.030 
2014 7/11/2014 303 S M 3 0.050 
2014 3/13/2014 303 S M 3 0.309 
2014 7/11/2014 403 S M 4 0.030 
2014 4/16/2014 403 S M 4 0.195 
2014 3/13/2014 403 S M 4 0.276 
2014 10/16/2014 403 S M 4 0.337 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2015 5/22/2015 203 B H 2 0.331 
2015 6/23/2015 101 B L 1 0.183 
2015 5/22/2015 101 B L 1 0.338 
2015 6/23/2015 202 B L 2 0.169 
2015 5/22/2015 202 B L 2 0.283 
2015 6/23/2015 302 B L 3 0.747 
2015 8/29/2015 401 B L 4 0.050 
2015 6/23/2015 303 B M 3 0.162 
2015 4/21/2015 303 B M 3 0.288 
2015 5/22/2015 303 B M 3 0.336 
2015 7/16/2015 303 B M 3 0.385 
2015 8/29/2015 103 F H 1 0.090 
2015 6/23/2015 103 F H 1 0.190 
2015 8/29/2015 301 F H 3 0.190 
2015 5/22/2015 301 F H 3 0.708 
2015 7/16/2015 101 F L 1 0.155 
2015 8/29/2015 101 F L 1 0.177 
2015 5/22/2015 101 F L 1 0.285 
2015 6/23/2015 202 F L 2 0.160 
2015 5/22/2015 202 F L 2 0.293 
2015 8/29/2015 302 F L 3 0.090 
2015 6/23/2015 302 F L 3 0.237 
2015 4/21/2015 302 F L 3 0.285 
2015 5/22/2015 401 F L 4 0.284 
2015 4/21/2015 401 F L 4 0.599 
2015 8/29/2015 201 F M 2 0.090 
2015 6/23/2015 201 F M 2 0.161 
2015 7/16/2015 201 F M 2 0.562 
2015 8/29/2015 303 F M 3 0.090 
2015 6/23/2015 303 F M 3 0.262 
2015 5/22/2015 303 F M 3 0.299 
2015 8/29/2015 403 F M 4 0.090 
2015 5/22/2015 403 F M 4 0.334 
2015 6/23/2015 403 F M 4 0.451 
2015 10/10/2015 103 S H 1 1.080 
2015 7/16/2015 103 S H 1 1.350 
2015 8/29/2015 301 S H 3 0.136 
2015 8/29/2015 402 S H 4 0.238 
2015 5/22/2015 402 S H 4 0.375 
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A3.2. Cont’d 
Year Date Plot POS NRT REP NO3 leaching 
mg L-1 
2015 4/21/2015 402 S H 4 0.480 
2015 7/16/2015 202 S L 2 2.250 
2015 8/29/2015 302 S L 3 0.030 
2015 6/23/2015 302 S L 3 0.234 
2015 4/21/2015 302 S L 3 0.277 
2015 5/22/2015 302 S L 3 0.664 
2015 8/29/2015 401 S L 4 0.030 
2015 5/22/2015 401 S L 4 0.292 
2015 4/21/2015 102 S M 1 0.287 
2015 5/22/2015 102 S M 1 0.304 
2015 6/23/2015 102 S M 1 0.433 
2015 10/10/2015 102 S M 1 0.969 
2015 8/29/2015 303 S M 3 0.030 
2015 6/23/2015 303 S M 3 0.281 
2015 5/22/2015 303 S M 3 0.460 
2015 8/29/2015 403 S M 4 0.030 
2015 6/23/2015 403 S M 4 0.326 
2015 7/16/2015 403 S M 4 1.660 
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A3.3. Switchgrass biomass yield (Mg ha-1) from 2009 to 2015 under switchgrass 
managed with high, medium, and low N rates for Chapter 4 and 5. Note: NRT, N rate; L, 
low; M, medium; H, high; REP, replication. 
Year Plot NRT REP Yield 
Mg ha-1 
2009 103 H 1 3.0388 
2009 203 H 2 2.8284 
2009 301 H 3 4.5002 
2009 402 H 4 2.1243 
2009 102 I 1 2.7304 
2009 201 I 2 2.5382 
2009 303 I 3 2.8061 
2009 403 I 4 2.6932 
2009 101 L 1 3.2318 
2009 202 L 2 1.2573 
2009 302 L 3 1.8421 
2009 401 L 4 1.5809 
2010 103 H 1 5.6669 
2010 203 H 2 4.7615 
2010 301 H 3 6.4446 
2010 402 H 4 4.0935 
2010 102 I 1 6.1452 
2010 201 I 2 4.7346 
2010 303 I 3 5.2642 
2010 403 I 4 5.5189 
2010 101 L 1 5.0562 
2010 202 L 2 2.4238 
2010 302 L 3 4.8392 
2010 401 L 4 3.2903 
2011 103 H 1 5.4521 
2011 203 H 2 4.4198 
2011 301 H 3 5.2136 
2011 402 H 4 4.8931 
2011 102 I 1 5.0605 
2011 201 I 2 4.3269 
2011 303 I 3 4.9 
2011 403 I 4 4.9529 
2011 101 L 1 3.5997 
2011 202 L 2 2.8365 
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A3.3. Cont’d 
Year Plot NRT REP Yield 
Mg ha-1 
2011 302 L 3 4.2692 
2011 401 L 4 3.6004 
2012 103 H 1 6.2202 
2012 203 H 2 4.4113 
2012 301 H 3 6.4609 
2012 402 H 4 6.4306 
2012 102 I 1 6.0672 
2012 201 I 2 5.3075 
2012 303 I 3 5.6636 
2012 403 I 4 4.7743 
2012 101 L 1 3.3131 
2012 202 L 2 3.5775 
2012 302 L 3 3.877 
2012 401 L 4 4.3431 
2013 103 H 1 6.216 
2013 203 H 2 5.2899 
2013 301 H 3 6.1875 
2013 402 H 4 5.7601 
2013 102 I 1 5.0424 
2013 201 I 2 5.4197 
2013 303 I 3 4.9771 
2013 403 I 4 4.431 
2013 101 L 1 3.1837 
2013 202 L 2 3.7097 
2013 302 L 3 3.2029 
2013 401 L 4 3.1398 
2014 103 H 1 5.5753 
2014 203 H 2 5.9162 
2014 301 H 3 4.3318 
2014 402 H 4 5.6282 
2014 102 I 1 5.7331 
2014 201 I 2 4.4634 
2014 303 I 3 5.4091 
2014 403 I 4 4.6597 
2014 101 L 1 3.3365 
2014 202 L 2 3.1823 
2014 302 L 3 3.2155 
2014 401 L 4 2.5053 
2015 103 H 1 4.5858 
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A3.3. Cont’d 
Year Plot NRT REP Yield 
Mg ha-1 
2015 203 H 2 4.7395 
2015 301 H 3 4.2875 
2015 402 H 4 5.0559 
2015 102 I 1 3.6772 
2015 201 I 2 3.8106 
2015 303 I 3 4.118 
2015 403 I 4 4.5406 
2015 101 L 1 2.4636 
2015 202 L 2 2.8478 
2015 302 L 3 2.9766 
2015 401 L 4 2.7709 
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APPENDIX 4 
A4.1. Daily mean soil surface carbon dioxide (CO2) fluxes from switchgrass field under 
high N rate and shoulder position (plot 103 shoulder) from 2011-2014 for Chapter 6. 
Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
5/7/2011 1.1805  6/8/2011 1.6273  7/15/2011 2.1872 
5/8/2011 1.1165  6/9/2011 1.5080  7/16/2011 3.7990 
5/9/2011 1.1433  6/11/2011 2.0577  7/17/2011 3.6849 
5/10/2011 0.8365  6/12/2011 1.7051  7/18/2011 3.8033 
5/11/2011 0.7821  6/13/2011 1.9773  7/19/2011 3.6858 
5/12/2011 0.5790  6/16/2011 2.9772  7/20/2011 3.4248 
5/13/2011 0.4183  6/17/2011 2.6911  7/21/2011 3.2018 
5/14/2011 0.3958  6/18/2011 2.5321  7/22/2011 3.4760 
5/15/2011 0.6741  6/19/2011 2.6894  7/25/2011 2.8896 
5/16/2011 0.7467  6/20/2011 2.4353  7/26/2011 2.9950 
5/17/2011 0.7726  6/23/2011 2.3584  7/27/2011 3.0131 
5/18/2011 0.8072  6/24/2011 1.9453  7/29/2011 3.2125 
5/19/2011 0.8106  6/25/2011 2.3886  7/30/2011 3.3946 
5/20/2011 0.9005  6/26/2011 1.5867  8/3/2011 2.8611 
5/21/2011 0.9152  6/27/2011 1.8070  8/8/2011 2.4463 
5/22/2011 0.6507  6/28/2011 2.0032  8/9/2011 2.0844 
5/23/2011 0.8832  6/29/2011 2.3956  8/10/2011 2.1599 
5/24/2011 0.8659  6/30/2011 2.8181  8/11/2011 2.1959 
5/25/2011 0.7622  7/1/2011 2.3835  8/12/2011 2.1301 
5/26/2011 1.6809  7/2/2011 2.4241  8/13/2011 2.0660 
5/27/2011 0.9584  7/3/2011 2.5710  8/22/2011 2.1612 
5/28/2011 0.9549  7/4/2011 2.8112  8/24/2011 2.0269 
5/29/2011 0.9377  7/5/2011 2.1316  8/25/2011 1.8791 
5/30/2011 1.5098  7/6/2011 2.6306  8/26/2011 2.0910 
6/1/2011 1.7569  7/7/2011 2.8060  8/27/2011 1.9035 
6/2/2011 1.8088  7/8/2011 2.9348  8/28/2011 2.1899 
6/3/2011 2.2279  7/9/2011 2.5528  8/29/2011 1.9298 
6/4/2011 2.0888  7/10/2011 2.6099  8/30/2011 2.1726 
6/5/2011 2.3135  7/11/2011 2.2061  8/31/2011 2.2127 
6/6/2011 2.9218  7/12/2011 2.5468  9/1/2011 2.0243 
6/7/2011 2.4751   7/13/2011 2.2441   9/2/2011 2.0793 
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A4.1. Cont’d 
Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
9/3/2011 1.8309  10/15/2011 0.9126  5/2/2012 0.7415 
9/5/2011 1.2558  10/16/2011 0.8221  5/3/2012 1.2081 
9/6/2011 1.2426  10/17/2011 0.6749  5/4/2012 0.6628 
9/7/2011 1.5947  10/18/2011 0.5652  5/5/2012 0.6136 
9/8/2011 1.5089  10/19/2011 0.4935  5/6/2012 1.1917 
9/9/2011 1.4584  10/20/2011 0.5125  5/7/2012 0.9731 
9/10/2011 1.5746  10/21/2011 0.5972  5/8/2012 0.7449 
9/11/2011 1.5746  10/22/2011 0.6127  5/9/2012 0.7328 
9/12/2011 1.4026  10/23/2011 0.6836  5/10/2012 0.5462 
9/13/2011 1.2678  10/24/2011 0.6067  5/11/2012 0.7959 
9/14/2011 1.1667  10/25/2011 0.5928  5/12/2012 0.7415 
9/15/2011 0.8530  10/26/2011 0.5289  5/13/2012 0.8504 
9/16/2011 0.8089  10/27/2011 0.4278  5/14/2012 0.9947 
9/17/2011 1.0647  10/28/2011 0.4356  5/15/2012 1.0180 
9/18/2011 1.2323  10/29/2011 0.4615  5/16/2012 0.6767 
9/19/2011 1.1781  10/30/2011 0.5270  5/17/2012 0.5686 
9/20/2011 1.1528  10/31/2011 0.5159  5/18/2012 0.4770 
9/21/2011 0.9428  4/11/2012 0.2549  5/19/2012 0.7726 
9/22/2011 1.0137  4/12/2012 0.2852  5/20/2012 0.8841 
9/23/2011 0.9456  4/13/2012 0.2169  5/21/2012 0.7233 
9/24/2011 1.0163  4/14/2012 0.6602  5/22/2012 0.5289 
9/25/2011 0.9973  4/15/2012 0.1806  5/23/2012 1.1019 
9/26/2011 0.9921  4/16/2012 0.3094  5/24/2012 1.2807 
9/27/2011 0.9550  4/17/2012 0.4070  5/25/2012 2.4526 
9/28/2011 1.0267  4/18/2012 0.5332  5/26/2012 1.7984 
9/29/2011 0.9343  4/19/2012 0.3915  5/29/2012 2.0360 
9/30/2011 0.7199  4/20/2012 0.5004  6/2/2012 3.9744 
10/1/2011 0.6646  4/21/2012 0.5298  6/3/2012 3.4801 
10/2/2011 0.7363  4/22/2012 0.7225  6/4/2012 2.8069 
10/3/2011 0.8167  4/23/2012 0.4451  6/5/2012 1.9488 
10/4/2011 1.0319  4/24/2012 0.6723  6/6/2012 1.9056 
10/5/2011 0.9860  4/25/2012 1.0059  6/7/2012 1.8805 
10/7/2011 1.1053  4/26/2012 0.6265  6/8/2012 1.9885 
10/8/2011 0.6654  4/27/2012 0.2748  6/9/2012 1.6152 
10/9/2011 1.4821  4/28/2012 0.2022  6/11/2012 1.6731 
10/10/2011 1.3981  4/29/2012 0.4001  6/12/2012 1.4328 
10/11/2011 1.3397  4/30/2012 0.7207  6/13/2012 1.4683 
10/12/2011 1.3205  5/1/2012 0.5306  6/14/2012 1.6281 
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A4.1. Cont’d 
Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
6/15/2012 1.7102  7/29/2012 3.4499  9/6/2012 1.7111 
6/16/2012 1.7327  7/30/2012 3.0895  9/7/2012 1.5175 
6/17/2012 1.4752  7/31/2012 3.0515  9/8/2012 1.3646 
6/18/2012 1.8675  8/1/2012 3.1500  9/9/2012 1.3127 
6/19/2012 1.7198  8/2/2012 2.9357  9/10/2012 1.3481 
6/22/2012 2.1856  8/3/2012 2.6246  9/11/2012 1.5149 
6/23/2012 2.3973  8/4/2012 2.6185  9/12/2012 1.3585 
6/24/2012 2.1830  8/5/2012 2.4906  9/13/2012 1.2825 
6/25/2012 1.9600  8/6/2012 2.6488  9/14/2012 1.1952 
6/26/2012 1.9488  8/7/2012 2.6444  9/15/2012 1.2695 
6/27/2012 1.8598  8/8/2012 2.5036  9/16/2012 1.2202 
6/28/2012 1.8554  8/9/2012 2.1311  9/17/2012 1.0751 
6/29/2012 1.9081  8/10/2012 2.0222  9/18/2012 0.9212 
6/30/2012 2.8985  8/11/2012 1.8822  9/19/2012 0.9264 
7/1/2012 2.4586  8/13/2012 1.8865  9/20/2012 0.9610 
7/2/2012 2.0879  8/14/2012 2.1951  9/21/2012 1.0007 
7/3/2012 2.2400  8/15/2012 2.5347  9/22/2012 0.8106 
7/4/2012 2.0862  8/16/2012 1.9609  9/23/2012 0.7942 
7/5/2012 1.8260  8/17/2012 1.8796  9/24/2012 0.8962 
7/6/2012 1.7241  8/18/2012 2.0939  9/25/2012 0.9316 
7/7/2012 1.6411  8/19/2012 1.9937  9/26/2012 0.8080 
7/8/2012 1.9081  8/20/2012 1.8788  9/27/2012 0.9351 
7/9/2012 1.8744  8/21/2012 1.9418  9/28/2012 1.1295 
7/10/2012 1.7733  8/22/2012 2.0844  9/29/2012 1.0595 
7/11/2012 1.6809  8/23/2012 2.6730  9/30/2012 1.2660 
7/12/2012 2.6107  8/24/2012 2.3039  10/1/2012 0.8936 
7/13/2012 2.4042  8/25/2012 2.0939  10/2/2012 0.6015 
7/14/2012 1.9911  8/26/2012 1.8606  10/3/2012 0.6706 
7/15/2012 2.0836  8/27/2012 1.8995  10/4/2012 0.4736 
7/16/2012 2.0274  8/28/2012 1.6757  10/5/2012 0.4044 
7/17/2012 1.8667  8/29/2012 2.4578  10/6/2012 0.4433 
7/19/2012 2.9806  8/30/2012 2.3523  10/7/2012 0.4649 
7/21/2012 2.0283  8/31/2012 1.9695  10/8/2012 0.5799 
7/22/2012 4.1378  9/1/2012 2.0784  10/9/2012 0.4269 
7/23/2012 3.5173  9/2/2012 2.1406  10/10/2012 0.5047 
7/26/2012 2.7023  9/3/2012 2.0602  10/11/2012 0.4295 
7/27/2012 3.4672  9/4/2012 2.0620  10/12/2012 0.3440 
7/28/2012 3.4084  9/5/2012 1.8053  10/13/2012 0.4502 
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A4.1. Cont’d 
Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
10/14/2012 0.4269  6/19/2013 2.2184  8/4/2013 1.9047 
10/15/2012 0.5038  6/20/2013 2.0326  8/5/2013 2.1363 
10/16/2012 0.6706  6/21/2013 1.2419  8/6/2013 2.0818 
10/17/2012 0.9791  6/26/2013 1.7716  8/7/2013 1.9030 
10/18/2012 0.5738  6/27/2013 2.2633  8/8/2013 1.8243 
10/19/2012 0.5901  6/28/2013 2.1173  8/9/2013 1.7267 
10/21/2012 0.9273  6/29/2013 1.9885  8/10/2013 1.7189 
10/22/2012 0.8979  6/30/2013 1.9107  8/11/2013 1.8857 
10/27/2012 0.6510  7/1/2013 1.9056  8/12/2013 1.8718 
10/28/2012 0.9080  7/2/2013 2.0870  8/13/2013 1.6739 
10/30/2012 0.6580  7/3/2013 2.0896  8/14/2013 1.6774 
5/21/2013 0.2084  7/4/2013 2.1432  8/15/2013 1.6714 
5/22/2013 0.3552  7/5/2013 2.2996  8/16/2013 1.6990 
5/23/2013 1.3585  7/6/2013 2.3368  8/17/2013 1.8174 
5/24/2013 0.6602  7/7/2013 2.3238  8/18/2013 1.8477 
5/25/2013 1.1727  7/8/2013 2.1683  8/19/2013 2.0611 
5/26/2013 0.8158  7/11/2013 2.2694  8/20/2013 2.2098 
5/27/2013 1.0033  7/12/2013 2.4206  8/21/2013 2.2011 
5/28/2013 1.1053  7/13/2013 2.6194  8/22/2013 1.8356 
5/29/2013 0.8599  7/16/2013 2.6816  8/23/2013 1.9911 
5/30/2013 1.2202  7/17/2013 3.1215  8/24/2013 2.0706 
5/31/2013 0.6514  7/18/2013 2.9236  8/25/2013 2.2694 
6/1/2013 0.5272  7/19/2013 2.8207  8/26/2013 2.5874 
6/2/2013 1.1693  7/20/2013 2.6730  8/27/2013 2.5451 
6/3/2013 0.9351  7/21/2013 2.6678  8/28/2013 3.3021 
6/4/2013 1.3032  7/22/2013 2.5926  8/29/2013 3.0956 
6/5/2013 1.1062  7/23/2013 2.4154  8/30/2013 2.3990 
6/6/2013 1.0336  7/24/2013 2.3662  8/31/2013 2.3160 
6/7/2013 1.0967  7/25/2013 2.4777  9/1/2013 1.8200 
6/8/2013 0.8893  7/26/2013 2.0723  9/2/2013 1.6739 
6/10/2013 1.6091  7/27/2013 1.8511  9/3/2013 1.7578 
6/11/2013 1.4760  7/28/2013 1.8839  9/4/2013 1.9833 
6/12/2013 0.8013  7/29/2013 1.8018  9/5/2013 1.9168 
6/13/2013 2.0844  7/30/2013 1.9427  9/6/2013 2.0136 
6/14/2013 1.6835  7/31/2013 2.1104  9/7/2013 1.9609 
6/15/2013 1.6558  8/1/2013 1.9885  9/8/2013 2.3428 
6/16/2013 1.3801  8/2/2013 1.9341  9/9/2013 2.0888 
6/18/2013 2.3800  8/3/2013 1.8070  9/10/2013 1.8459 
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A4.1. Cont’d 
Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
9/11/2013 1.6178  10/28/2013 0.4373  6/8/2014 1.0007 
9/12/2013 1.3810  11/3/2013 0.4217  6/9/2014 1.2976 
9/13/2013 1.3896  11/4/2013 0.5001  6/10/2014 1.2129 
9/14/2013 1.4657  11/8/2013 0.5289  6/11/2014 0.8365 
9/15/2013 1.4173  11/9/2013 0.4436  6/12/2014 1.4506 
9/16/2013 1.3810  5/6/2014 0.5250  6/13/2014 1.0915 
9/17/2013 1.3611  5/7/2014 0.6218  6/14/2014 0.7602 
9/18/2013 1.9159  5/8/2014 0.2711  6/15/2014 1.0980 
9/19/2013 1.6117  5/9/2014 0.5933  6/16/2014 1.0333 
9/20/2013 1.1762  5/10/2014 0.4606  6/17/2014 1.6450 
9/21/2013 1.1114  5/11/2014 0.3928  6/18/2014 1.8044 
9/22/2013 1.0941  5/12/2014 0.1888  6/19/2014 0.1406 
9/23/2013 0.9878  5/13/2014 0.4820  6/20/2014 0.4096 
9/24/2013 1.2038  5/14/2014 0.4710  6/21/2014 1.4702 
9/25/2013 1.1356  5/15/2014 0.4148  6/22/2014 0.1911 
9/26/2013 1.0656  5/16/2014 0.4257  6/23/2014 0.4649 
9/27/2013 1.2773  5/17/2014 0.5319  6/24/2014 1.1027 
9/28/2013 0.5401  5/18/2014 0.4131  6/25/2014 3.3297 
9/29/2013 1.0500  5/19/2014 0.4667  6/26/2014 3.2775 
9/30/2013 1.4605  5/20/2014 0.5583  6/27/2014 2.5831 
10/1/2013 1.3447  5/21/2014 0.5302  6/28/2014 1.1719 
10/2/2013 1.0612  5/22/2014 0.6278  6/29/2014 2.4923 
10/3/2013 0.7881  5/23/2014 0.6300  6/30/2014 2.4431 
10/4/2013 0.6300  5/24/2014 0.6075  7/1/2014 1.8619 
10/5/2013 0.6279  5/25/2014 0.6659  7/2/2014 2.2357 
10/7/2013 0.9843  5/26/2014 0.5159  7/3/2014 2.3247 
10/8/2013 1.1356  5/27/2014 1.6143  7/4/2014 2.4612 
10/9/2013 1.1269  5/28/2014 1.3486  7/5/2014 2.6466 
10/10/2013 1.2272  5/29/2014 1.0245  7/6/2014 2.9193 
10/11/2013 1.0707  5/30/2014 1.0401  7/7/2014 2.8881 
10/12/2013 0.9074  5/31/2014 0.3984  7/8/2014 2.7347 
10/13/2013 0.8339  6/1/2014 0.3729  7/9/2014 2.6436 
10/14/2013 0.5479  6/2/2014 0.4187  7/10/2014 2.4582 
10/15/2013 0.4808  6/3/2014 0.6931  7/11/2014 2.7460 
10/17/2013 0.4675  6/4/2014 1.5227  7/12/2014 2.6302 
10/22/2013 0.5553  6/5/2014 1.3760  7/13/2014 2.4120 
10/26/2013 0.4693  6/6/2014 1.1605  7/14/2014 2.0723 
10/27/2013 0.5220  6/7/2014 0.4612  7/15/2014 2.0278 
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A4.1. Cont’d 
Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
  Date CO2 
g m-2 d-1 
7/16/2014 2.1043  8/24/2014 1.0543  10/1/2014 0.8080 
7/17/2014 2.2616  8/25/2014 2.7179  10/2/2014 1.1062 
7/18/2014 2.1108  8/26/2014 2.5520  10/3/2014 0.8988 
7/19/2014 2.2923  8/27/2014 2.8259  10/4/2014 0.8702 
7/20/2014 2.4690  8/28/2014 3.0549  10/5/2014 1.0949 
7/21/2014 2.4785  8/29/2014 3.1405  10/6/2014 0.9489 
7/22/2014 2.4530  8/30/2014 2.7032  10/7/2014 0.9748 
7/23/2014 2.3822  8/31/2014 2.6954  10/8/2014 0.9662 
7/24/2014 2.1652  9/1/2014 2.7438  10/9/2014 1.0664 
7/25/2014 2.0075  9/2/2014 2.4362  10/10/2014 0.8737 
7/26/2014 2.7710  9/3/2014 2.6928  10/11/2014 1.0146 
7/27/2014 2.2089  9/4/2014 2.5356  10/12/2014 1.0638 
7/28/2014 2.2625  9/5/2014 1.9885  10/13/2014 1.1684 
7/29/2014 2.2080  9/6/2014 2.0170  10/14/2014 0.9411 
7/30/2014 2.2858  9/7/2014 2.0775  10/15/2014 1.1243 
7/31/2014 2.3027  9/8/2014 2.3109  10/16/2014 1.2099 
8/1/2014 2.4202  9/9/2014 2.3532  10/17/2014 0.6844 
8/2/2014 2.5066  9/10/2014 1.5244  10/18/2014 0.9178 
8/3/2014 2.4902  9/11/2014 1.5452  10/19/2014 0.9446 
8/4/2014 2.6626  9/12/2014 1.4320  10/20/2014 0.8763 
8/5/2014 2.2901  9/13/2014 1.3196  10/21/2014 1.5426 
8/6/2014 2.5606  9/14/2014 1.2773  10/22/2014 1.5901 
8/7/2014 2.2944  9/15/2014 1.4112  10/23/2014 1.2021 
8/8/2014 2.3454  9/16/2014 1.3620  10/24/2014 1.1105 
8/10/2014 2.5433  9/17/2014 1.5486  10/25/2014 0.8754 
8/11/2014 2.1830  9/18/2014 1.5184  10/26/2014 1.2133 
8/12/2014 2.1786  9/19/2014 1.5590    
8/13/2014 2.4327  9/20/2014 1.4337    
8/14/2014 2.1112  9/21/2014 1.2704    
8/15/2014 1.5486  9/22/2014 1.4726    
8/16/2014 2.5606  9/23/2014 1.6498    
8/17/2014 3.0083  9/24/2014 1.9712    
8/18/2014 2.0628  9/25/2014 2.1441    
8/19/2014 0.9463  9/26/2014 2.1000    
8/20/2014 2.6591  9/27/2014 2.0257    
8/21/2014 1.2626  9/28/2014 1.8122    
8/22/2014 1.7172  9/29/2014 2.1639    
8/23/2014 2.1493  9/30/2014 1.7828    
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A4.2. Simulated soil surface carbon dioxide (CO2) fluxes (g m
-2 yr-1) in response to the 
temperature scenarios 1 – 6 from switchgrass field under high N rate and shoulder 
position from 2011-2070 for Chapter 6. 
Year x1 x2 x3 x4 x5 x6 
2011 298.92 298.89 298.83 298.78 298.72 298.52 
2012 296.77 296.74 296.68 296.63 296.57 296.76 
2013 317.26 317.23 317.19 317.15 317.10 317.07 
2014 306.06 306.03 305.98 305.94 305.89 305.86 
2015 366.39 366.36 366.32 366.34 366.30 366.32 
2016 418.27 418.29 418.29 418.28 418.39 418.34 
2017 414.94 414.92 414.89 414.91 414.74 416.49 
2018 420.75 420.89 421.10 421.10 421.21 419.65 
2019 464.44 464.50 464.39 464.47 464.51 465.12 
2020 402.65 402.62 406.01 405.94 406.08 405.53 
2021 471.82 471.91 468.68 468.78 469.78 469.88 
2022 489.50 489.65 489.73 489.90 489.10 489.26 
2023 393.20 393.45 395.65 395.75 396.16 396.28 
2024 426.36 426.29 425.70 426.76 427.30 427.34 
2025 461.59 462.26 462.16 463.74 462.61 463.07 
2026 436.21 435.61 435.24 432.92 434.05 433.90 
2027 496.59 497.59 497.69 498.03 496.95 496.86 
2028 503.50 502.71 502.47 502.33 502.33 503.00 
2029 416.98 417.20 417.91 419.38 419.87 420.56 
2030 369.52 369.54 369.19 369.68 375.16 374.87 
2031 431.99 432.88 434.29 433.92 442.07 442.27 
2032 340.63 340.72 339.74 339.58 340.94 340.73 
2033 545.86 546.84 547.53 547.76 547.99 548.64 
2034 587.31 577.58 570.15 570.80 571.97 572.12 
2035 464.80 460.82 456.52 459.04 459.45 462.19 
2036 512.47 512.87 512.41 511.11 512.60 511.85 
2037 545.57 542.94 538.27 539.00 538.38 538.24 
2038 501.49 502.12 500.74 500.83 501.11 500.77 
2039 586.02 585.73 579.12 580.65 584.09 584.98 
2040 567.49 566.61 559.79 564.70 562.72 563.49 
2041 534.29 533.05 532.11 541.52 541.75 539.98 
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A4.2. Cont’d 
Year x1 x2 x3 x4 x5 x6 
2042 640.15 639.05 638.01 651.68 652.66 652.66 
2043 515.72 515.51 515.42 522.70 522.64 523.34 
2044 582.58 582.27 582.88 584.38 585.39 586.19 
2045 617.87 617.61 617.26 628.81 629.97 630.44 
2046 557.98 558.01 558.85 567.11 579.15 580.07 
2047 690.27 689.83 689.57 699.96 704.55 705.78 
2048 537.25 539.46 541.76 550.72 553.69 555.46 
2049 591.53 590.33 589.81 602.74 594.13 594.72 
2050 657.31 657.02 657.60 663.85 659.92 660.52 
2051 673.82 675.33 672.82 676.50 676.12 675.01 
2052 617.80 626.17 620.20 630.68 633.28 628.72 
2053 638.11 644.13 638.55 645.68 645.42 638.06 
2054 656.09 657.13 657.52 659.24 659.99 661.94 
2055 667.02 667.91 668.84 671.68 665.98 666.39 
2056 576.69 577.36 577.36 586.59 582.26 584.78 
2057 642.69 635.94 636.55 645.63 643.50 644.55 
2058 610.70 605.69 606.18 610.95 619.75 624.16 
2059 560.08 559.68 562.43 561.03 568.41 574.40 
2060 637.03 634.86 632.60 645.02 646.05 652.15 
2061 726.22 726.70 736.80 741.90 739.48 740.94 
2062 673.99 674.42 681.20 682.89 685.94 687.07 
2063 643.38 644.24 644.27 648.27 646.77 647.78 
2064 686.36 687.61 683.04 681.04 678.61 689.91 
2065 673.28 672.56 668.03 668.74 667.36 671.78 
2066 691.52 690.67 690.88 691.88 691.78 694.80 
2067 649.69 651.18 651.30 655.18 654.00 656.18 
2068 565.18 566.29 568.40 567.47 566.72 566.21 
2069 600.47 598.46 596.45 598.05 597.79 598.21 
2070 620.97 619.87 621.38 630.34 635.13 637.32 
Note: x1=+1°C; x2=+1.25°C; x3=+1.5°C; x4=+1.75°C; x5=+2°C; x6=+2.25°C. 
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A4.3. Simulated soil surface carbon dioxide (CO2) fluxes (g m
-2 yr-1) in response to the 
temperature scenarios 7 – 13 from switchgrass field under high N rate and shoulder 
position from 2011-2070 for Chapter 6. 
Year x7 x8 x9 x10 x11 x12 x13 
2011 298.48 296.22 296.16 299.52 300.27 300.29 300.33 
2012 296.72 298.83 298.77 296.79 296.21 296.23 296.30 
2013 317.04 316.99 316.94 320.64 320.72 320.74 320.81 
2014 305.83 305.78 305.73 320.08 320.16 320.19 320.27 
2015 366.30 366.29 366.25 394.97 403.88 407.85 410.82 
2016 418.41 418.34 418.34 435.88 453.06 450.79 450.08 
2017 416.49 416.66 416.62 434.15 441.30 437.39 438.50 
2018 419.73 419.70 420.16 446.53 450.03 449.41 458.36 
2019 465.98 465.99 465.70 484.21 489.04 487.47 494.25 
2020 404.69 404.68 405.65 416.48 423.69 425.60 426.95 
2021 470.06 470.21 469.33 513.74 516.48 523.89 527.85 
2022 489.39 489.43 489.56 519.16 523.18 533.99 534.45 
2023 396.89 397.03 397.39 419.49 416.40 427.07 425.94 
2024 427.33 434.82 434.64 448.13 450.17 448.77 450.90 
2025 463.04 470.55 470.71 488.82 490.03 488.50 489.76 
2026 433.65 433.40 433.19 475.47 479.02 480.74 493.20 
2027 496.97 497.54 497.75 509.38 510.14 519.81 527.68 
2028 503.34 502.53 502.47 477.85 482.29 493.32 493.03 
2029 420.62 421.03 421.31 387.08 398.79 396.97 397.92 
2030 374.91 375.22 375.79 372.24 373.24 373.12 374.19 
2031 443.18 443.99 443.91 465.71 470.54 470.57 472.09 
2032 341.06 340.99 341.38 378.72 376.15 383.53 386.38 
2033 548.97 550.08 551.10 582.19 583.41 583.06 589.13 
2034 572.80 572.90 573.00 620.85 623.50 631.04 625.14 
2035 462.91 463.69 467.44 483.61 482.63 486.06 487.15 
2036 512.08 512.32 506.65 541.16 549.71 549.47 552.15 
2037 540.10 540.69 539.07 572.65 582.28 578.31 579.80 
2038 500.18 501.68 501.59 531.15 540.08 541.11 541.82 
2039 585.68 586.06 587.39 597.84 605.64 606.57 612.11 
2040 571.83 572.01 573.76 572.59 574.82 585.29 583.99 
2041 546.98 560.77 559.06 555.03 557.79 561.15 563.54 
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A4.3. Cont’d 
Year x7 x8 x9 x10 
2042 653.89 665.11 665.55 627.05 
2043 524.31 531.23 531.76 461.46 
2044 597.20 599.81 600.62 504.98 
2045 636.28 636.15 638.90 619.20 
2046 583.35 584.64 583.47 578.62 
2047 706.00 706.75 707.59 733.85 
2048 567.62 572.28 576.23 569.34 
2049 601.29 611.26 603.89 632.11 
2050 660.13 659.05 655.34 703.16 
2051 675.51 679.84 679.64 732.89 
2052 631.51 634.15 634.55 669.13 
2053 640.05 637.66 638.45 695.18 
2054 662.58 663.57 663.96 706.05 
2055 667.05 668.34 668.78 686.76 
2056 589.39 589.80 591.66 636.47 
2057 645.06 644.98 656.64 686.20 
2058 627.13 628.22 633.00 606.92 
2059 575.42 576.62 578.12 515.00 
2060 653.31 656.14 654.46 684.22 
2061 740.74 743.72 743.78 783.98 
2062 688.39 687.70 688.18 727.07 
2063 649.13 658.20 660.93 679.84 
2064 690.74 696.96 702.88 723.54 
2065 671.96 672.14 668.75 723.76 
2066 695.73 696.74 697.35 751.92 
2067 658.38 659.74 660.49 705.31 
2068 566.75 577.23 578.69 601.70 
2069 599.06 604.80 604.31 643.29 
2070 639.41 640.53 643.42 650.47 
Note: x7=+2.38°C; x8=+2.5°C; x9=+2.75°C; x10=+3°C. 
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A4.4. Simulated soil surface carbon dioxide (CO2) fluxes (g m
-2 yr-1) in response to the 
precipitation scenarios 1 – 7 from switchgrass field under high N rate and shoulder 
position from 2011-2070 for Chapter 6. 
Year y1 y2 y3 y4 y5 y6 y7 
2011 329.14 323.49 315.55 313.39 304.98 300.27 298.49 
2012 317.58 319.08 311.51 305.27 299.49 297.54 296.74 
2013 341.62 336.27 338.28 321.94 321.27 321.76 317.05 
2014 343.19 325.90 325.88 320.01 312.81 315.15 305.84 
2015 366.35 361.72 358.78 364.14 361.60 361.74 366.31 
2016 386.29 390.08 394.34 397.32 400.39 407.05 418.43 
2017 381.86 382.09 386.08 402.73 396.92 402.05 416.46 
2018 469.35 450.30 437.23 434.51 416.60 412.66 419.70 
2019 446.66 436.79 434.54 444.59 442.17 451.20 465.12 
2020 397.68 397.60 388.66 393.96 392.22 388.37 405.55 
2021 465.03 472.19 474.61 477.62 478.67 477.28 469.95 
2022 457.84 462.50 469.83 481.49 485.41 492.20 489.38 
2023 366.52 367.11 359.37 377.57 380.54 391.02 396.35 
2024 370.80 381.75 381.53 401.32 411.24 426.60 427.73 
2025 411.63 429.01 436.04 442.84 448.08 461.90 462.98 
2026 418.55 421.69 430.70 427.29 434.30 439.14 433.67 
2027 454.11 469.39 475.49 486.14 489.79 497.26 496.89 
2028 469.58 502.20 506.28 515.75 521.12 507.12 503.15 
2029 408.94 426.07 419.20 426.23 423.16 415.65 420.59 
2030 360.76 361.70 363.22 365.55 367.22 370.09 374.94 
2031 403.22 414.45 413.84 416.64 425.83 428.68 442.80 
2032 331.48 345.95 338.54 337.84 342.61 341.76 341.02 
2033 487.07 504.78 510.68 517.07 530.89 535.73 549.05 
2034 502.18 536.03 546.22 567.21 582.80 591.52 572.22 
2035 415.28 430.60 446.43 455.82 456.66 464.59 462.90 
2036 489.68 497.71 507.90 509.95 516.48 523.79 511.88 
2037 503.32 521.12 530.83 533.94 538.41 548.68 539.58 
2038 517.98 513.99 515.18 506.64 504.83 504.39 499.70 
2039 564.41 556.33 557.75 558.78 574.59 580.27 585.72 
2040 528.24 532.57 540.14 539.30 550.32 563.86 571.39 
2041 560.27 548.88 539.48 536.36 541.01 550.22 547.11 
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A4.4. Cont’d 
Year y1 y2 y3 y4 y5 y6 y7 
2042 663.99 681.12 687.62 685.31 674.66 674.57 653.07 
2043 481.22 480.84 501.08 513.76 521.50 527.25 524.19 
2044 564.73 554.97 569.62 578.91 590.13 597.67 596.67 
2045 563.59 567.78 590.64 606.02 610.25 631.29 635.77 
2046 513.09 520.11 524.95 539.79 545.10 565.55 582.99 
2047 678.69 694.64 701.82 715.39 717.13 721.74 705.39 
2048 489.29 502.25 508.00 520.61 540.62 559.85 564.44 
2049 646.66 639.86 636.98 626.09 623.89 613.95 602.74 
2050 693.07 699.82 701.33 702.45 687.48 679.11 659.75 
2051 749.36 762.83 764.77 736.30 715.11 699.05 675.23 
2052 567.70 599.99 646.16 664.65 645.40 638.62 630.27 
2053 727.63 726.09 719.56 714.03 680.37 661.27 639.74 
2054 785.44 754.70 755.29 739.25 704.66 685.83 661.26 
2055 750.12 759.58 750.56 730.40 711.03 684.27 667.10 
2056 570.55 577.99 594.37 591.72 601.28 588.39 588.27 
2057 736.58 716.41 721.13 702.17 680.38 672.36 644.78 
2058 589.91 595.09 616.46 620.36 619.15 627.23 625.20 
2059 539.64 545.35 567.79 563.95 567.56 566.86 575.36 
2060 632.08 649.13 653.55 661.64 660.19 655.73 652.63 
2061 689.81 707.05 747.73 765.26 763.25 758.41 741.29 
2062 683.83 688.45 721.81 723.42 715.82 706.19 687.51 
2063 677.32 693.23 714.27 700.04 682.02 665.84 648.46 
2064 686.51 708.10 722.65 719.82 705.45 697.83 690.18 
2065 720.12 725.10 747.59 742.76 707.56 690.35 671.64 
2066 749.73 765.47 774.02 766.03 743.72 722.20 695.25 
2067 681.14 700.76 726.28 712.23 697.50 690.48 657.35 
2068 610.61 611.78 607.97 601.43 595.44 585.18 566.35 
2069 664.93 661.79 666.47 659.15 655.88 622.19 598.77 
2070 624.19 628.44 637.06 645.22 650.26 643.72 638.74 
Note: [1] y1=-30%P; y2=-25%P; y3=-20%P; y4=-15%P; y5=-10%P; y6=-5%P; y7=0%P. 
P=the precipitation from 1959 to 2014. 
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A4.5. Simulated soil surface carbon dioxide (CO2) fluxes (g m
-2 yr-1) in response to the 
precipitation scenarios 8 – 13 from switchgrass field under high N rate and shoulder 
position from 2011-2070 for Chapter 6. 
Year y8 y9 y10 y11 y12 y13 
2011 289.24 288.72 282.91 280.40 274.59 274.66 
2012 286.03 285.93 285.57 280.52 273.28 273.04 
2013 307.52 307.66 308.39 293.68 291.83 292.51 
2014 305.19 299.48 300.10 291.70 286.50 285.72 
2015 368.32 365.87 367.95 364.82 358.13 360.86 
2016 423.39 411.74 413.47 404.11 399.65 401.49 
2017 417.42 422.23 425.79 431.68 425.44 425.76 
2018 409.28 413.50 404.11 402.83 404.48 398.54 
2019 466.29 464.54 464.92 467.31 451.25 446.12 
2020 414.50 423.94 439.40 447.83 428.52 429.66 
2021 473.70 472.16 459.32 447.80 427.82 428.74 
2022 494.06 485.53 477.96 467.13 457.35 450.00 
2023 398.86 386.67 390.80 378.20 378.23 366.20 
2024 432.86 429.59 429.98 427.95 423.06 417.53 
2025 470.06 469.44 463.57 451.11 432.06 431.34 
2026 433.59 441.52 437.97 434.66 430.00 432.22 
2027 494.83 503.54 498.16 485.00 479.97 468.92 
2028 491.68 487.61 477.14 464.89 456.63 448.36 
2029 421.17 428.91 428.39 426.45 415.32 419.85 
2030 376.74 376.63 377.10 378.66 369.49 369.51 
2031 452.69 457.46 469.57 467.07 465.85 461.96 
2032 346.60 344.08 349.24 343.79 340.95 339.24 
2033 559.05 564.25 568.60 569.19 560.16 557.37 
2034 574.60 562.27 557.10 551.87 536.42 530.09 
2035 471.20 479.49 482.75 486.49 481.76 469.56 
2036 510.17 516.76 518.77 521.85 526.38 523.81 
2037 539.06 544.98 542.06 550.69 544.80 542.41 
2038 503.12 517.52 520.79 526.83 527.15 529.03 
2039 594.29 608.63 610.33 600.20 584.15 574.00 
2040 555.31 554.57 549.28 533.05 531.52 518.54 
2041 547.49 551.06 530.50 538.12 524.13 530.11 
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A4.5. Cont’d 
Year y8 y9 y10 y11 y12 y13 
2042 634.92 629.99 622.05 608.17 587.67 583.31 
2043 523.33 516.33 519.82 516.91 517.60 512.94 
2044 592.82 590.69 590.74 591.80 587.58 573.41 
2045 633.79 633.67 623.38 610.74 598.84 587.75 
2046 591.48 605.84 597.39 595.88 582.64 585.98 
2047 689.21 672.82 645.90 638.08 616.32 605.24 
2048 571.26 543.83 532.34 523.01 515.01 499.32 
2049 591.25 565.12 555.60 538.98 527.38 513.65 
2050 646.68 618.79 605.02 585.84 577.15 555.99 
2051 653.61 630.20 611.66 589.84 574.18 556.23 
2052 625.86 599.09 584.20 566.80 551.29 541.68 
2053 627.73 600.12 578.69 559.98 549.70 538.00 
2054 641.31 616.49 597.75 578.84 574.08 554.04 
2055 648.95 628.64 609.01 589.02 585.09 567.22 
2056 591.57 580.59 577.83 564.20 549.04 544.33 
2057 643.40 623.14 603.17 588.78 572.82 561.11 
2058 626.60 619.72 607.39 588.32 570.19 567.24 
2059 580.09 567.72 555.16 543.45 524.06 513.07 
2060 641.51 630.00 622.32 614.38 590.48 580.59 
2061 723.80 687.46 666.16 652.08 629.54 609.63 
2062 668.21 644.78 639.20 607.89 588.19 577.43 
2063 645.17 618.59 604.20 582.85 576.24 557.13 
2064 676.73 647.16 629.43 608.84 593.42 576.60 
2065 650.01 629.09 608.01 589.44 570.41 562.36 
2066 677.57 653.77 636.20 619.64 600.77 586.34 
2067 643.21 625.73 608.34 585.53 576.76 558.88 
2068 565.87 564.05 558.47 541.90 545.54 535.49 
2069 579.87 561.43 544.16 520.65 506.21 497.32 
2070 633.00 604.30 597.94 577.86 558.76 549.23 
Note: [1] y8=5%P; y9=10%P; y10=15%P; y11=20%P; 12=25%P; y13=30%P. 
P=the precipitation from 1959 to 2014. 
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APPENDIX 5 
 
A5. Simulated mean growing season soil organic carbon (SOC) densities, soil nitrate 
(NO3
-) contents, soil water-filled pore spaces (WFPSs), soil carbon dioxide (CO2) fluxes, 
soil nitrous oxide (N2O) fluxes, switchgrass biomass yield from 2016 to 2050 under high, 
medium, and low N rates at shoulder and footslope positions in the switchgrass field 
using DAYCENT models based on the two climate change scenarios S2 and S4. Note: 
Note: POS, position; S, shoulder; F, footslope; NRT, N fertilization rate; L, low; M, 
medium; H, high; WS, weather scenario. 
 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2016 S H W2 2.445 7.750 53.36 1.410 2.604 4.8873 
2017 S H W2 2.429 7.185 53.28 1.528 2.621 5.1089 
2018 S H W2 2.415 7.141 53.29 1.616 2.823 4.7119 
2019 S H W2 2.403 7.132 53.27 1.678 2.833 4.6932 
2020 S H W2 2.393 7.754 53.36 1.721 2.754 4.6981 
2021 S H W2 2.385 7.213 53.30 1.753 2.986 4.7112 
2022 S H W2 2.378 7.225 53.24 1.779 3.034 4.7318 
2023 S H W2 2.372 7.235 53.20 1.800 3.089 4.7554 
2024 S H W2 2.367 7.812 53.27 1.816 3.033 4.7782 
2025 S H W2 2.363 7.200 53.16 1.832 2.978 5.2084 
2026 S H W2 2.360 7.239 53.10 1.848 3.050 5.3083 
2027 S H W2 2.358 7.261 53.06 1.863 3.118 5.3649 
2028 S H W2 2.356 7.893 53.11 1.872 3.321 4.9433 
2029 S H W2 2.355 7.271 53.03 1.888 3.212 5.3331 
2030 S H W2 2.354 7.304 52.97 1.904 3.252 5.4353 
2031 S H W2 2.354 7.318 52.94 1.918 3.303 5.4864 
2032 S H W2 2.353 7.882 53.00 1.930 3.266 5.4981 
2033 S H W2 2.353 7.358 52.87 1.944 3.677 5.0837 
2034 S H W2 2.354 6.974 51.71 1.948 3.355 5.1176 
2035 S H W2 2.357 6.957 49.49 1.925 3.275 5.0231 
2036 S H W2 2.362 7.493 49.48 1.936 3.247 5.0284 
2037 S H W2 2.366 6.963 49.41 1.949 3.323 5.0698 
2038 S H W2 2.372 6.966 49.38 1.963 3.355 5.0921 
2039 S H W2 2.377 6.974 49.36 1.978 3.390 5.1130 
2040 S H W2 2.383 7.458 49.40 1.991 3.159 5.5042 
2041 S H W2 2.389 6.964 49.31 2.004 3.241 5.6387 
2042 S H W2 2.395 6.969 49.30 2.020 3.291 5.6844 
2043 S H W2 2.401 7.024 49.30 2.032 3.578 5.2858 
2044 S H W2 2.408 7.487 49.35 2.049 3.301 5.6396 
2045 S H W2 2.413 7.480 52.13 2.094 3.767 5.8316 
2046 S H W2 2.415 7.500 52.46 2.104 3.856 5.8529 
2047 S H W2 2.418 7.503 52.51 2.123 3.914 5.8817 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2048 S H W2 2.420 8.065 52.61 2.142 4.026 5.4456 
2049 S H W2 2.423 7.496 52.48 2.161 4.144 5.4527 
2050 S H W2 2.425 7.498 52.46 2.181 4.163 5.4641 
2016 F H W2 2.547 11.567 41.04 1.874 3.977 6.5765 
2017 F H W2 2.561 11.017 41.10 1.936 3.829 6.8360 
2018 F H W2 2.581 10.791 41.12 1.997 4.001 6.4616 
2019 F H W2 2.605 10.850 41.12 2.042 4.035 6.4806 
2020 F H W2 2.633 11.520 41.23 2.157 3.976 6.4642 
2021 F H W2 2.664 10.938 41.19 2.193 4.061 6.4665 
2022 F H W2 2.696 10.934 41.15 2.225 4.072 6.4657 
2023 F H W2 2.730 10.931 41.14 2.252 4.078 6.4699 
2024 F H W2 2.765 11.585 41.21 2.278 4.023 6.4427 
2025 F H W2 2.799 11.054 41.11 2.305 3.969 6.8651 
2026 F H W2 2.834 11.058 41.07 2.327 3.977 6.9532 
2027 F H W2 2.868 11.056 41.04 2.348 3.985 6.9955 
2028 F H W2 2.902 11.657 41.11 2.361 4.081 6.5220 
2029 F H W2 2.936 11.070 41.01 2.389 4.036 6.9212 
2030 F H W2 2.969 11.074 40.95 2.410 4.029 6.9816 
2031 F H W2 3.000 11.075 40.91 2.427 4.037 7.0253 
2032 F H W2 3.032 11.699 40.98 2.446 3.975 7.0096 
2033 F H W2 3.062 10.937 40.85 2.470 4.196 6.5532 
2034 F H W2 3.092 10.602 40.20 2.479 3.986 6.5337 
2035 F H W2 3.123 10.531 38.24 2.398 3.691 6.3600 
2036 F H W2 3.156 11.026 38.35 2.421 3.605 6.2209 
2037 F H W2 3.191 10.446 38.34 2.439 3.610 6.2952 
2038 F H W2 3.226 10.476 38.38 2.453 3.604 6.3006 
2039 F H W2 3.261 10.486 38.42 2.429 3.591 6.2752 
2040 F H W2 3.296 11.083 38.41 2.467 3.499 6.6154 
2041 F H W2 3.329 10.509 38.30 2.411 3.498 6.7261 
2042 F H W2 3.363 10.501 38.33 2.510 3.508 6.7439 
2043 F H W2 3.396 10.525 38.38 2.489 3.615 6.3368 
2044 F H W2 3.428 11.115 38.35 2.525 3.549 6.6613 
2045 F H W2 3.456 11.052 40.13 2.656 4.109 6.9566 
2046 F H W2 3.479 11.096 40.38 2.688 4.076 6.9581 
2047 F H W2 3.501 11.084 40.40 2.711 4.102 6.9735 
2048 F H W2 3.521 11.631 40.49 2.739 4.243 6.5331 
2049 F H W2 3.540 11.029 40.34 2.718 4.338 6.5630 
2050 F H W2 3.558 11.024 40.34 2.700 4.347 6.5634 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2016 S Z W2 1.935 1.890 50.90 1.405 3.773 4.8791 
2017 S Z W2 1.923 1.786 50.63 1.578 3.862 5.0613 
2018 S Z W2 1.912 1.782 50.58 1.754 3.933 4.7720 
2019 S Z W2 1.901 1.794 50.53 1.899 3.965 4.7887 
2020 S Z W2 1.890 1.884 50.60 2.004 3.715 4.7950 
2021 S Z W2 1.879 1.826 50.60 2.073 4.078 4.8005 
2022 S Z W2 1.868 1.828 50.57 2.117 4.095 4.8138 
2023 S Z W2 1.858 1.830 50.53 2.139 4.113 4.8305 
2024 S Z W2 1.848 1.914 50.60 2.146 3.887 4.8292 
2025 S Z W2 1.839 1.823 50.48 2.157 4.079 5.1426 
2026 S Z W2 1.832 1.823 50.45 2.172 4.090 5.2221 
2027 S Z W2 1.826 1.824 50.41 2.185 4.106 5.2459 
2028 S Z W2 1.821 1.943 50.46 2.176 3.950 4.9005 
2029 S Z W2 1.814 1.837 50.37 2.175 4.170 5.2255 
2030 S Z W2 1.809 1.835 50.33 2.172 4.166 5.2876 
2031 S Z W2 1.805 1.839 50.30 2.174 4.192 5.3214 
2032 S Z W2 1.801 1.924 50.38 2.174 3.999 5.3136 
2033 S Z W2 1.797 1.853 50.26 2.165 4.291 4.9968 
2034 S Z W2 1.792 1.725 50.56 2.122 4.429 5.0472 
2035 S Z W2 1.786 1.730 49.59 2.022 4.364 5.0246 
2036 S Z W2 1.781 1.825 49.31 1.954 4.203 4.9883 
2037 S Z W2 1.777 1.722 49.03 1.887 4.321 5.0009 
2038 S Z W2 1.774 1.719 48.81 1.823 4.307 4.9958 
2039 S Z W2 1.771 1.717 48.66 1.771 4.299 4.9890 
2040 S Z W2 1.768 1.796 48.51 1.738 4.031 5.2409 
2041 S Z W2 1.768 1.691 48.29 1.727 4.138 5.3114 
2042 S Z W2 1.769 1.687 48.17 1.727 4.134 5.3115 
2043 S Z W2 1.771 1.726 48.11 1.722 4.311 5.0228 
2044 S Z W2 1.772 1.807 48.14 1.725 4.097 5.2920 
2045 S Z W2 1.772 1.883 51.15 1.794 4.458 5.5017 
2046 S Z W2 1.770 1.893 51.25 1.850 4.479 5.5672 
2047 S Z W2 1.768 1.891 51.17 1.918 4.464 5.5583 
2048 S Z W2 1.766 1.987 51.28 1.971 4.327 5.2016 
2049 S Z W2 1.761 1.912 51.15 2.012 4.586 5.2179 
2050 S Z W2 1.757 2.150 51.14 2.038 4.589 5.2152 
2016 F Z W2 2.736 3.654 43.87 2.039 2.966 6.1002 
2017 F Z W2 2.721 3.617 43.97 2.315 2.929 6.2389 
2018 F Z W2 2.708 3.597 44.01 2.493 2.987 5.9734 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2019 F Z W2 2.697 3.626 43.97 2.601 2.985 5.9866 
2020 F Z W2 2.687 3.689 44.05 2.622 2.926 5.9599 
2021 F Z W2 2.678 3.603 44.04 2.607 2.975 5.9540 
2022 F Z W2 2.670 3.598 44.01 2.581 2.971 5.9491 
2023 F Z W2 2.663 3.593 43.99 2.560 2.967 5.9461 
2024 F Z W2 2.657 3.676 44.05 2.542 2.922 5.9226 
2025 F Z W2 2.653 3.616 43.87 2.617 2.932 6.2183 
2026 F Z W2 2.651 3.626 43.83 2.670 2.943 6.2657 
2027 F Z W2 2.651 3.630 43.80 2.659 2.953 6.2874 
2028 F Z W2 2.651 3.770 43.95 2.501 2.967 5.9922 
2029 F Z W2 2.651 3.650 43.77 2.537 2.988 6.2893 
2030 F Z W2 2.653 3.666 43.72 2.612 2.999 6.3386 
2031 F Z W2 2.655 3.670 43.70 2.611 3.014 6.3751 
2032 F Z W2 2.658 3.764 43.76 2.585 2.988 6.3748 
2033 F Z W2 2.661 3.637 43.78 2.436 3.091 6.0844 
2034 F Z W2 2.663 3.511 43.35 2.371 3.138 6.1566 
2035 F Z W2 2.664 3.479 41.02 2.257 2.978 6.0660 
2036 F Z W2 2.668 3.506 40.39 2.142 2.850 5.9372 
2037 F Z W2 2.672 3.384 40.19 2.128 2.856 5.9237 
2038 F Z W2 2.676 3.387 40.11 2.109 2.884 5.9784 
2039 F Z W2 2.680 3.374 40.07 2.090 2.867 5.9431 
2040 F Z W2 2.685 3.487 39.84 2.121 2.772 6.1875 
2041 F Z W2 2.691 3.378 39.70 2.117 2.801 6.2404 
2042 F Z W2 2.698 3.383 39.66 2.084 2.812 6.2516 
2043 F Z W2 2.706 3.434 39.98 2.033 2.891 5.9891 
2044 F Z W2 2.712 3.532 39.76 2.056 2.834 6.2602 
2045 F Z W2 2.718 3.701 42.55 2.231 3.115 6.4806 
2046 F Z W2 2.720 3.758 43.24 2.372 3.156 6.5265 
2047 F Z W2 2.723 3.809 43.42 2.433 3.238 6.6073 
2048 F Z W2 2.725 3.904 43.96 2.343 3.327 6.3598 
2049 F Z W2 2.725 3.862 43.94 2.252 3.426 6.4538 
2050 F Z W2 2.723 3.870 43.93 2.263 3.443 6.4776 
2016 S M W2 2.495 0.726 52.18 1.490 1.984 3.7714 
2017 S M W2 2.472 0.747 51.71 1.649 1.943 3.9062 
2018 S M W2 2.452 0.740 51.77 1.665 1.936 3.6759 
2019 S M W2 2.434 0.745 51.85 1.653 1.931 3.6653 
2020 S M W2 2.417 0.731 52.04 1.653 1.912 3.6317 
2021 S M W2 2.402 0.736 52.14 1.657 1.907 3.6033 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2022 S M W2 2.389 0.732 52.16 1.661 1.890 3.5740 
2023 S M W2 2.378 0.728 52.20 1.665 1.875 3.5519 
2024 S M W2 2.368 0.716 52.32 1.668 1.859 3.5102 
2025 S M W2 2.359 0.721 52.13 1.732 1.856 3.7093 
2026 S M W2 2.351 0.721 52.10 1.788 1.848 3.7282 
2027 S M W2 2.345 0.718 52.09 1.825 1.836 3.7118 
2028 S M W2 2.338 0.725 52.30 1.780 1.818 3.4330 
2029 S M W2 2.333 0.713 52.11 1.807 1.821 3.6425 
2030 S M W2 2.327 0.714 52.04 1.847 1.811 3.6491 
2031 S M W2 2.322 0.711 52.02 1.875 1.804 3.6499 
2032 S M W2 2.318 0.699 52.10 1.894 1.790 3.6043 
2033 S M W2 2.313 0.699 52.09 1.837 1.776 3.3758 
2034 S M W2 2.309 0.688 51.20 1.806 1.786 3.3979 
2035 S M W2 2.306 0.680 48.93 1.790 1.644 3.2790 
2036 S M W2 2.304 0.658 49.09 1.792 1.598 3.1894 
2037 S M W2 2.301 0.659 49.04 1.797 1.582 3.1689 
2038 S M W2 2.298 0.651 49.02 1.806 1.557 3.1281 
2039 S M W2 2.296 0.645 48.98 1.815 1.536 3.0881 
2040 S M W2 2.292 0.631 48.89 1.905 1.527 3.1922 
2041 S M W2 2.289 0.638 48.79 1.982 1.526 3.2212 
2042 S M W2 2.285 0.632 48.77 2.037 1.511 3.1907 
2043 S M W2 2.281 0.643 48.85 1.983 1.498 3.0175 
2044 S M W2 2.277 0.622 48.81 2.019 1.500 3.1259 
2045 S M W2 2.272 0.697 50.89 2.022 1.688 3.3375 
2046 S M W2 2.266 0.701 51.18 2.073 1.724 3.4713 
2047 S M W2 2.260 0.703 51.19 2.077 1.721 3.4847 
2048 S M W2 2.255 0.698 51.31 1.996 1.702 3.2304 
2049 S M W2 2.249 0.703 51.19 1.942 1.691 3.2297 
2050 S M W2 2.244 0.700 51.21 1.918 1.679 3.2081 
2016 F M W2 2.677 0.701 41.46 1.662 2.312 3.8261 
2017 F M W2 2.666 0.722 41.15 1.821 2.190 3.8868 
2018 F M W2 2.656 0.709 41.30 1.762 2.161 3.5805 
2019 F M W2 2.646 0.719 41.33 1.762 2.162 3.5732 
2020 F M W2 2.636 0.701 41.37 1.763 2.136 3.5142 
2021 F M W2 2.626 0.711 41.37 1.769 2.129 3.4832 
2022 F M W2 2.616 0.707 41.29 1.809 2.112 3.4537 
2023 F M W2 2.607 0.704 41.26 1.827 2.099 3.4331 
2024 F M W2 2.597 0.688 41.28 1.833 2.077 3.3797 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2025 F M W2 2.587 0.697 41.03 1.958 2.071 3.5976 
2026 F M W2 2.578 0.696 40.96 2.008 2.054 3.6023 
2027 F M W2 2.570 0.692 40.93 2.035 2.032 3.5678 
2028 F M W2 2.563 0.700 41.05 1.909 2.001 3.2837 
2029 F M W2 2.554 0.691 40.98 2.017 2.038 3.5383 
2030 F M W2 2.546 0.690 40.87 2.054 2.013 3.5335 
2031 F M W2 2.538 0.688 40.85 2.074 2.007 3.5268 
2032 F M W2 2.531 0.670 40.90 2.092 1.975 3.4545 
2033 F M W2 2.523 0.674 40.88 1.964 1.973 3.2382 
2034 F M W2 2.515 0.651 40.72 1.940 2.026 3.2775 
2035 F M W2 2.508 0.644 38.51 1.882 1.849 3.1737 
2036 F M W2 2.501 0.615 38.65 1.846 1.776 3.0763 
2037 F M W2 2.495 0.620 38.49 1.834 1.761 3.0848 
2038 F M W2 2.488 0.611 38.47 1.849 1.725 3.0478 
2039 F M W2 2.481 0.604 38.45 1.848 1.696 3.0070 
2040 F M W2 2.474 0.582 38.12 1.925 1.639 3.1250 
2041 F M W2 2.469 0.589 38.08 1.967 1.621 3.1467 
2042 F M W2 2.463 0.580 38.15 2.014 1.586 3.0942 
2043 F M W2 2.457 0.599 38.52 1.906 1.612 2.9132 
2044 F M W2 2.451 0.575 38.07 1.992 1.616 3.1003 
2045 F M W2 2.444 0.674 39.66 2.079 1.882 3.2910 
2046 F M W2 2.436 0.692 39.89 2.127 1.943 3.3745 
2047 F M W2 2.428 0.691 39.99 2.165 1.909 3.3411 
2048 F M W2 2.421 0.677 40.45 2.063 1.887 3.0677 
2049 F M W2 2.413 0.692 40.45 2.046 1.906 3.1106 
2050 F M W2 2.405 0.689 40.47 2.040 1.882 3.0812 
2016 S H W4 2.446 7.441 52.36 1.418 2.647 4.8971 
2017 S H W4 2.432 6.834 51.99 1.545 2.534 5.1509 
2018 S H W4 2.420 6.917 51.93 1.636 2.734 4.7211 
2019 S H W4 2.411 6.899 51.90 1.698 2.742 4.6994 
2020 S H W4 2.403 7.405 51.92 1.744 2.732 4.6903 
2021 S H W4 2.397 6.892 51.83 1.778 2.806 4.7128 
2022 S H W4 2.393 6.891 51.81 1.807 2.827 4.7386 
2023 S H W4 2.389 6.897 51.77 1.832 2.863 4.7632 
2024 S H W4 2.387 7.421 51.81 1.854 2.867 4.7785 
2025 S H W4 2.386 6.812 49.72 1.837 2.686 5.1565 
2026 S H W4 2.388 6.836 49.59 1.859 2.760 5.2520 
2027 S H W4 2.390 6.845 49.56 1.878 2.815 5.3014 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2028 S H W4 2.393 7.444 49.57 1.893 2.997 4.9039 
2029 S H W4 2.396 6.840 49.47 1.914 2.866 5.2664 
2030 S H W4 2.400 6.861 49.42 1.936 2.906 5.3593 
2031 S H W4 2.404 6.864 49.39 1.958 2.947 5.4043 
2032 S H W4 2.409 7.397 49.42 1.978 2.958 5.4146 
2033 S H W4 2.414 6.921 49.31 1.999 3.235 5.0202 
2034 S H W4 2.419 6.908 49.31 2.020 3.219 5.0181 
2035 S H W4 2.424 6.913 49.25 2.043 3.241 5.0298 
2036 S H W4 2.429 7.458 49.28 2.064 3.235 5.0319 
2037 S H W4 2.435 6.933 49.19 2.086 3.304 5.0820 
2038 S H W4 2.441 6.947 49.14 2.110 3.341 5.1117 
2039 S H W4 2.447 6.958 49.10 2.134 3.382 5.1400 
2040 S H W4 2.453 7.466 49.13 2.157 3.180 5.5109 
2041 S H W4 2.459 7.519 49.03 2.178 3.223 5.6314 
2042 S H W4 2.466 7.534 49.00 2.202 3.271 5.6864 
2043 S H W4 2.472 7.578 48.96 2.224 3.511 5.3007 
2044 S H W4 2.479 8.030 48.98 2.250 3.300 5.6622 
2045 S H W4 2.486 7.576 48.92 2.277 3.362 5.7692 
2046 S H W4 2.492 7.585 48.84 2.304 3.408 5.8145 
2047 S H W4 2.499 7.595 48.80 2.332 3.454 5.8402 
2048 S H W4 2.507 8.098 48.83 2.359 3.685 5.3992 
2049 S H W4 2.514 7.606 48.73 2.387 3.688 5.4137 
2050 S H W4 2.521 7.609 48.70 2.419 3.719 5.4173 
2016 F H W4 2.547 11.141 40.17 1.887 3.833 6.5849 
2017 F H W4 2.563 10.507 39.83 1.947 3.611 6.8363 
2018 F H W4 2.585 10.440 39.86 2.011 3.725 6.4219 
2019 F H W4 2.612 10.484 39.93 2.057 3.756 6.4398 
2020 F H W4 2.643 11.059 40.05 2.104 3.779 6.4155 
2021 F H W4 2.677 10.473 40.02 2.219 3.761 6.4266 
2022 F H W4 2.713 10.491 40.09 2.257 3.781 6.4372 
2023 F H W4 2.751 10.494 40.09 2.291 3.788 6.4439 
2024 F H W4 2.789 11.063 40.17 2.324 3.810 6.4069 
2025 F H W4 2.828 10.484 38.49 2.277 3.475 6.7229 
2026 F H W4 2.868 10.397 38.46 2.306 3.446 6.7626 
2027 F H W4 2.910 10.401 38.51 2.334 3.470 6.8196 
2028 F H W4 2.952 11.030 38.59 2.353 3.588 6.3882 
2029 F H W4 2.993 10.458 38.46 2.373 3.484 6.7527 
2030 F H W4 3.033 10.447 38.43 2.400 3.478 6.7819 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2031 F H W4 3.073 10.450 38.40 2.424 3.491 6.8142 
2032 F H W4 3.113 11.053 38.46 2.453 3.508 6.8182 
2033 F H W4 3.152 10.424 38.35 2.468 3.610 6.3783 
2034 F H W4 3.189 10.472 38.38 2.415 3.615 6.3656 
2035 F H W4 3.224 10.464 38.39 2.377 3.605 6.3480 
2036 F H W4 3.257 11.038 38.38 2.381 3.629 6.3016 
2037 F H W4 3.287 10.468 38.22 2.385 3.611 6.3308 
2038 F H W4 3.316 10.465 38.14 2.396 3.617 6.3310 
2039 F H W4 3.344 10.463 38.09 2.411 3.622 6.3255 
2040 F H W4 3.372 11.085 37.92 2.526 3.573 6.5902 
2041 F H W4 3.399 11.153 37.93 2.576 3.593 6.7094 
2042 F H W4 3.427 11.152 37.96 2.616 3.608 6.7470 
2043 F H W4 3.455 11.149 38.07 2.559 3.715 6.3260 
2044 F H W4 3.483 11.742 37.96 2.639 3.667 6.6569 
2045 F H W4 3.511 11.187 37.91 2.679 3.662 6.7608 
2046 F H W4 3.538 11.180 37.88 2.711 3.677 6.7905 
2047 F H W4 3.566 11.170 37.89 2.743 3.684 6.7850 
2048 F H W4 3.595 11.672 38.05 2.689 3.826 6.3118 
2049 F H W4 3.621 11.163 37.94 2.649 3.803 6.3240 
2050 F H W4 3.646 11.151 37.86 2.649 3.796 6.3006 
2016 S M W4 1.935 1.793 51.14 1.527 4.061 4.9104 
2017 S M W4 1.923 1.662 51.00 1.690 3.984 5.0944 
2018 S M W4 1.913 1.666 50.89 1.701 4.102 4.8079 
2019 S M W4 1.903 1.678 50.84 1.686 4.139 4.8205 
2020 S M W4 1.892 1.778 50.87 1.687 4.020 4.8250 
2021 S M W4 1.881 1.678 50.77 1.691 4.158 4.8273 
2022 S M W4 1.870 1.684 50.77 1.698 4.184 4.8478 
2023 S M W4 1.860 1.687 50.73 1.704 4.201 4.8637 
2024 S M W4 1.851 1.789 50.80 1.710 4.082 4.8638 
2025 S M W4 1.842 1.689 50.04 1.795 4.082 5.1533 
2026 S M W4 1.836 1.684 49.83 1.877 4.054 5.2107 
2027 S M W4 1.832 1.676 49.65 1.935 4.026 5.2067 
2028 S M W4 1.829 1.812 49.45 1.889 4.026 4.8779 
2029 S M W4 1.824 1.685 49.24 1.926 4.078 5.1780 
2030 S M W4 1.822 1.678 48.97 1.983 4.048 5.2204 
2031 S M W4 1.821 1.678 48.78 2.028 4.059 5.2415 
2032 S M W4 1.821 1.781 48.64 2.060 3.943 5.2175 
2033 S M W4 1.821 1.701 48.47 1.999 4.240 4.9612 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2034 S M W4 1.819 1.719 48.48 1.947 4.296 4.9955 
2035 S M W4 1.816 1.722 48.35 1.925 4.309 5.0066 
2036 S M W4 1.813 1.822 48.32 1.917 4.171 4.9898 
2037 S M W4 1.810 1.727 48.18 1.918 4.331 5.0187 
2038 S M W4 1.807 1.728 48.06 1.924 4.336 5.0235 
2039 S M W4 1.804 1.727 47.97 1.932 4.337 5.0216 
2040 S M W4 1.802 1.811 47.91 2.033 4.091 5.2807 
2041 S M W4 1.802 1.824 47.75 2.115 4.065 5.3390 
2042 S M W4 1.804 1.822 47.66 2.176 4.066 5.3404 
2043 S M W4 1.806 1.862 47.62 2.116 4.231 5.0601 
2044 S M W4 1.806 1.935 47.60 2.168 4.048 5.3369 
2045 S M W4 1.808 1.836 47.52 2.232 4.131 5.3883 
2046 S M W4 1.810 1.835 47.39 2.282 4.134 5.3901 
2047 S M W4 1.813 1.833 47.29 2.322 4.131 5.3735 
2048 S M W4 1.816 1.957 47.39 2.242 4.184 5.1184 
2049 S M W4 1.817 1.872 47.33 2.186 4.361 5.1620 
2050 S M W4 1.817 1.872 47.26 2.166 4.360 5.1613 
2016 F M W4 2.737 3.495 43.27 1.669 2.987 6.1234 
2017 F M W4 2.723 3.420 43.02 1.830 2.905 6.2482 
2018 F M W4 2.713 3.400 43.09 1.771 2.966 5.9710 
2019 F M W4 2.703 3.434 43.10 1.770 2.978 5.9961 
2020 F M W4 2.695 3.517 43.13 1.773 2.943 5.9720 
2021 F M W4 2.688 3.422 43.07 1.780 2.967 5.9680 
2022 F M W4 2.682 3.436 43.12 1.826 2.976 5.9766 
2023 F M W4 2.677 3.436 43.08 1.846 2.977 5.9806 
2024 F M W4 2.673 3.527 43.09 1.854 2.950 5.9600 
2025 F M W4 2.670 3.422 40.99 1.934 2.806 6.1766 
2026 F M W4 2.673 3.368 40.34 1.950 2.719 6.1455 
2027 F M W4 2.677 3.333 40.19 1.963 2.700 6.1173 
2028 F M W4 2.683 3.489 40.42 1.853 2.756 5.8736 
2029 F M W4 2.687 3.330 40.11 1.942 2.720 6.0873 
2030 F M W4 2.693 3.339 40.00 1.972 2.718 6.1393 
2031 F M W4 2.700 3.339 39.95 1.998 2.727 6.1529 
2032 F M W4 2.708 3.456 39.98 2.035 2.710 6.1436 
2033 F M W4 2.715 3.331 40.11 1.924 2.815 5.8524 
2034 F M W4 2.721 3.367 40.15 1.889 2.822 5.8731 
2035 F M W4 2.725 3.382 40.09 1.901 2.843 5.9019 
2036 F M W4 2.729 3.493 40.12 1.900 2.839 5.9067 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2037 F M W4 2.733 3.410 40.00 1.888 2.888 5.9621 
2038 F M W4 2.736 3.421 39.94 1.911 2.909 5.9893 
2039 F M W4 2.739 3.430 39.89 1.918 2.925 6.0065 
2040 F M W4 2.743 3.559 39.68 2.034 2.859 6.2806 
2041 F M W4 2.749 3.618 39.59 2.080 2.879 6.3548 
2042 F M W4 2.755 3.622 39.54 2.117 2.890 6.3696 
2043 F M W4 2.762 3.673 39.79 2.021 2.965 6.1063 
2044 F M W4 2.768 3.747 39.56 2.124 2.911 6.3331 
2045 F M W4 2.774 3.661 39.45 2.158 2.940 6.4344 
2046 F M W4 2.781 3.666 39.37 2.184 2.960 6.4634 
2047 F M W4 2.789 3.671 39.32 2.224 2.970 6.4638 
2048 F M W4 2.797 3.753 39.64 2.111 3.038 6.1445 
2049 F M W4 2.803 3.678 39.54 2.073 3.060 6.1786 
2050 F M W4 2.807 3.683 39.48 2.081 3.072 6.1869 
2016 S Z W4 2.495 0.705 51.60 1.397 1.984 3.7681 
2017 S Z W4 2.473 0.730 50.85 1.564 1.955 3.9354 
2018 S Z W4 2.454 0.724 50.99 1.738 1.954 3.7103 
2019 S Z W4 2.437 0.731 51.02 1.873 1.953 3.7050 
2020 S Z W4 2.421 0.716 51.12 1.966 1.931 3.6694 
2021 S Z W4 2.408 0.721 51.09 2.025 1.915 3.6337 
2022 S Z W4 2.395 0.719 51.09 2.060 1.903 3.6212 
2023 S Z W4 2.385 0.716 51.07 2.077 1.889 3.6041 
2024 S Z W4 2.375 0.703 51.18 2.082 1.872 3.5647 
2025 S Z W4 2.368 0.710 48.92 2.033 1.753 3.6866 
2026 S Z W4 2.362 0.698 48.94 2.019 1.710 3.6455 
2027 S Z W4 2.357 0.684 48.98 1.996 1.668 3.5601 
2028 S Z W4 2.353 0.685 49.16 1.958 1.637 3.2694 
2029 S Z W4 2.349 0.673 48.93 1.925 1.635 3.4322 
2030 S Z W4 2.345 0.669 48.89 1.900 1.616 3.4070 
2031 S Z W4 2.341 0.665 48.86 1.884 1.607 3.3950 
2032 S Z W4 2.337 0.651 48.90 1.874 1.590 3.3314 
2033 S Z W4 2.333 0.651 48.90 1.862 1.582 3.1729 
2034 S Z W4 2.329 0.660 48.88 1.845 1.585 3.1986 
2035 S Z W4 2.325 0.657 48.82 1.828 1.574 3.1916 
2036 S Z W4 2.320 0.647 48.85 1.816 1.561 3.1422 
2037 S Z W4 2.316 0.654 48.74 1.811 1.562 3.1631 
2038 S Z W4 2.311 0.652 48.71 1.810 1.552 3.1509 
2039 S Z W4 2.306 0.649 48.67 1.813 1.540 3.1261 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
mg kg-1 
WFPS 
% 
CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2040 S Z W4 2.302 0.638 48.59 1.825 1.536 3.2287 
2041 S Z W4 2.297 0.661 48.51 1.847 1.534 3.2550 
2042 S Z W4 2.293 0.658 48.48 1.874 1.525 3.2392 
2043 S Z W4 2.289 0.674 48.57 1.890 1.516 3.0799 
2044 S Z W4 2.285 0.646 48.48 1.908 1.513 3.1841 
2045 S Z W4 2.281 0.656 48.40 1.928 1.513 3.2115 
2046 S Z W4 2.277 0.652 48.36 1.948 1.501 3.1950 
2047 S Z W4 2.273 0.646 48.33 1.965 1.484 3.1513 
2048 S Z W4 2.270 0.638 48.46 1.973 1.484 2.9891 
2049 S Z W4 2.266 0.649 48.40 1.972 1.485 3.0245 
2050 S Z W4 2.263 0.645 48.37 1.967 1.471 3.0050 
2016 F Z W4 2.678 0.665 40.97 2.047 2.296 3.8103 
2017 F Z W4 2.667 0.678 40.28 2.295 2.166 3.8671 
2018 F Z W4 2.658 0.675 40.79 2.476 2.194 3.6007 
2019 F Z W4 2.648 0.688 40.81 2.575 2.204 3.6045 
2020 F Z W4 2.639 0.671 40.85 2.591 2.183 3.5487 
2021 F Z W4 2.630 0.679 40.73 2.569 2.161 3.5066 
2022 F Z W4 2.621 0.682 40.67 2.549 2.158 3.4944 
2023 F Z W4 2.612 0.680 40.63 2.541 2.146 3.4769 
2024 F Z W4 2.603 0.663 40.67 2.531 2.122 3.4188 
2025 F Z W4 2.595 0.664 38.14 2.450 1.937 3.5395 
2026 F Z W4 2.589 0.650 38.25 2.374 1.858 3.4895 
2027 F Z W4 2.583 0.635 38.30 2.296 1.802 3.4121 
2028 F Z W4 2.577 0.642 38.70 2.200 1.797 3.1499 
2029 F Z W4 2.571 0.629 38.09 2.249 1.795 3.3766 
2030 F Z W4 2.565 0.620 38.12 2.271 1.743 3.3369 
2031 F Z W4 2.559 0.615 38.12 2.253 1.728 3.3166 
2032 F Z W4 2.553 0.598 38.16 2.231 1.701 3.2450 
2033 F Z W4 2.547 0.610 38.39 2.203 1.757 3.1044 
2034 F Z W4 2.539 0.630 38.24 2.210 1.799 3.1740 
2035 F Z W4 2.531 0.629 38.24 2.233 1.789 3.1684 
2036 F Z W4 2.524 0.612 38.31 2.230 1.760 3.1057 
2037 F Z W4 2.516 0.626 38.23 2.226 1.771 3.1393 
2038 F Z W4 2.509 0.622 38.23 2.220 1.750 3.1147 
2039 F Z W4 2.502 0.617 38.23 2.211 1.728 3.0831 
2040 F Z W4 2.495 0.593 37.92 2.257 1.667 3.1960 
2041 F Z W4 2.489 0.617 37.91 2.286 1.652 3.1995 
2042 F Z W4 2.483 0.611 37.92 2.287 1.631 3.1674 
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A5. Cont’d 
Year POS NRT WS SOC 
kg m-2 
NO3 
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CO2 
g m-2 d-1 
N2O 
g ha-1 d-1 
Yield 
Mg ha-1 
2043 F Z W4 2.477 0.636 38.31 2.225 1.657 2.9939 
2044 F Z W4 2.471 0.602 37.89 2.262 1.646 3.1703 
2045 F Z W4 2.465 0.611 37.82 2.304 1.627 3.1778 
2046 F Z W4 2.459 0.605 37.83 2.299 1.607 3.1486 
2047 F Z W4 2.454 0.598 37.82 2.283 1.576 3.0910 
2048 F Z W4 2.449 0.596 38.31 2.217 1.618 2.9207 
2049 F Z W4 2.442 0.618 38.12 2.227 1.659 3.0168 
2050 F Z W4 2.436 0.613 38.11 2.233 1.633 2.9869 
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APPENDIX 6 
A6.1. The map of the experimental design at this study site. 
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A6.2. The map of slope of the switchgrass landscape. 
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A6.3. The harvested bales of the switchgrass and the switchgrass field with 2-20% slope at 
this study site. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2-20% slope 
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